Virtually every neuron within the suprachiasmatic nucleus (SCN) communicates via GABAergic signaling. The extracellular levels of GABA within the SCN are determined by a complex interaction of synthesis and transport, as well as synaptic and non-synaptic release. The response to GABA is mediated by GABA A receptors that respond to both phasic and tonic GABA release and that can produce excitatory as well as inhibitory cellular responses. GABA also influences circadian control through the exclusively inhibitory effects of GABA B receptors. Both GABA and neuropeptide signaling occur within the SCN, although the functional consequences of the interactions of these signals are not well understood. This review considers the role of GABA in the circadian pacemaker, in the mechanisms responsible for the generation of circadian rhythms, in the ability of non-photic stimuli to reset the phase of the pacemaker, and in the ability of the day-night cycle to entrain the pacemaker.
The SCN: a primary circadian pacemaker
The SCN has been identified as the location of a circadian pacemaker that generates endogenous rhythmicity and mediates the entrainment of that rhythmicity with the day-night cycle in mammals, including humans ( Moore and Eichler, 1972 ; Stephan and Zucker, 1972; Cohen and Albers, 1991) . Remarkable progress has been made over the last few decades in defining the molecular mechanisms that generate circadian rhythmicity (for recent reviews see Hastings et al., 2014; Zhang and Kay, 2010) . In brief, mammalian ''clock cells" contain transcriptional and translational feedback loops, with the primary loop consisting of two proteins that activate transcription and two proteins that repress transcription. CLOCK and BMAL1 are the proteins that activate transcription and PERIOD (PER1, PER2, PER3) and CRYPTOCHROME (CRY1, CRY2) are the proteins that inhibit transcription. In a simplified model, circadian transcription begins with CLOCK and BMAL1 activating transcription of Per and Cry genes resulting in the translation of PER and CRY proteins over the day. Late in the day these proteins form heterodimers, translocate to the cell nucleus and inhibit their own transcription by repressing CLOCK-BMAL1 activity. As the levels of PER and CRY decline, CLOCK and BMAL1 are disinhibited resulting in reactivation of Per and Cry transcription and initiation of a new cycle. This molecular feedback loop operates in individual SCN neurons that coordinate or couple with other SCN clock cells to form a self-sustained circadian pacemaker. Interestingly, many of these same clock genes and proteins can be found in cellular oscillators throughout the body.
The circadian timing system evolved to enable organisms to synchronize their physiology and behavior with 24 h rhythms in the environment. Because circadian pacemakers exhibit non-24 h rhythms, these clocks must to be reset to 24 h each day (i.e., entrained with the day-night cycle). The ability of light to reset or phase shift the circadian pacemaker is illustrated by the effects of light on circadian phase when the pacemaker is free-running in an environment without time cues (e.g., constant darkness) . In nocturnally active rodents, for example, a brief pulse of light delivered in constant darkness after the beginning of locomotor activity (i.e., early in the subjective night) delays the onset of activity on subsequent days. When delivered toward the end of the subjective night, the light advances the daily rhythm. During the subjective day (i.e., the inactive phase of nocturnal animals in constant conditions), pulses of light do not phase shift the pacemaker. The effects of light on circadian phase are summarized in a phase response curve (Fig. 1) .
Stimuli other than light can also phase shift the circadian pacemaker (see Section 9.1). Most of these stimuli produce a pattern of phase shifts that differ dramatically from those produced by light pulses (Fig. 1) . The phase response curve for these stimuli was initially termed a dark-type or neuropeptide Y (NPY)-type phase response curve because these patterns of phase shifts were first observed following brief pulses of darkness or the injection of NPY directly into the SCN (for reviews see Moore and Card, 1990; Morin, 1991) . More recently, however, this type of phase response curve has been used to summarize the phase shifting effects of ''non-photic" stimuli (for a review see Webb et al., 2014) . Although we will use the term ''non-photic" phase shifting here, it is important to point out that there are non-photic stimuli that can produce phase shifts in a pattern that differs considerably from the dark-or NPY-type phase response curve seen in Fig. 1 . Although the role of ''non-photic" phase shifting stimuli in determining entrainment in the natural environment is not well understood, understanding how these stimuli phase shift the clock could be useful for chronotherapy.
There are several major pathways that project to the SCN that allow it to synchronize with the 24 h environment including: the retinohypothalamic tract (RHT), a direct projection from the retina (Hendrickson et al., 1972; Pickard, 1982 Pickard, , 1985 ; Moore and Lenn, 1972) , the geniculohypothalamic tract (GHT), a direct projection from the intergeniculate leaflet (IGL) (Ribak and Peters, 1975; Swanson et al., 1974; Card and Moore, 1982; Harrington et al., 1987; Moore et al., 1984) , and a direct serotonergic (5-HT) projection from the median raphe (Meyer-Bernstein and Morin, 1996; Morin, 1999) . In addition to these major projections, an estimated 85 distinct brain regions send less prominent projections to the SCN (Morin, 2013) .
The RHT appears to be the most important pathway for communicating photic information to the SCN because its destruction eliminates the ability of an animal to entrain to the light-dark (LD) cycle (Johnson et al., 1988a) . There is considerable evidence that glutamate serves as the primary neurotransmitter in the RHT thereby communicating environmental lighting information to the SCN (Shibata et al., 1986; Cahill and Menaker, 1989 ; Colwell and Menaker, 1992; Colwell et al., 1991; Ding et al., 1994; Mintz et al., 1999; ; Novak and Albers, 2002; Gamble et al., 2003) . Nevertheless, other neurochemical signals such as pituitary adenylate cyclase-activating peptide (Hannibal et al., 1997) may also contribute to the entrainment process (for reviews see Colwell and Menaker, 1995; Ebling, 1996 ; Golombek and Rosenstein, 2010) . The GHT appears to be the most important pathway for communicating non-photic phase shifting information to the SCN and there is considerable evidence that NPY released by the GHT mediates the phase shifting effects of many non-photic stimuli (for reviews see Mrosovsky, 1995; Webb et al., 2014) .
Functional and anatomical heterogeneity within the SCN
The bilateral SCN is composed of a heterogeneous population of 16-20,000 neurons as well as a large number of neuroglia (van den Pol, 1980) . One of the very interesting features of the SCN is the high number of neuronal cell bodies that contain c-aminobutyric acid (GABA) throughout the nucleus. Estimates of the proportion of SCN neurons containing GABA in rodents range from over 50% to virtually all neurons in the nucleus (Buijs et al., 1995; Moore and Speh, 1993; Okamura et al., 1989; Tanaka et al., 1997b; Castel and Morris, 2000; van den Pol, 1986 ; van den Pol and Tsujimoto, 1985; Francois-Bellan et al., 1990) . GABA is found in a large number of local circuit neurons in the SCN as well as in terminals derived from projections originating from just outside the nucleus and from more distant sites (van den Pol, 1986 ; van den Pol and Gorcs, 1986 ; Kim and Dudek, 1992; Strecker et al., 1997 ; Morin and Blanchard, 2001; Jiang et al., 1997a; Buijs et al., 1994) . GABA receptors also have a ubiquitous presence throughout the SCN and are well positioned to respond to changing levels of extracellular GABA (see Section 4). All or nearly all SCN neurons exhibit spontaneous inhibitory postsynaptic potentials (IPSPs) across the circadian cycle suggesting that GABA receptors are found on all SCN neurons (De Jeu and Pennartz, 2002; Jiang et al., 1997a; Strecker et al., 1997 ; Kim and Dudek, 1992 ; Kononenko and Dudek, 2004; Kretschmannova et al., 2003 ; Burgoon and Boulant, 1998) . Indeed, GABA is the dominant neurochemical signal within the SCN and it plays a major role in circadian timekeeping (Cardinali and Golombek, 1998; Ehlen et al., 2010; Allen et al., 2014) .
Before exploring the circadian functions of GABA in the SCN, it is important to briefly review the basic anatomical organization of the nucleus. The SCN has an elongated ovoid shape in rodents, although its gross morphology varies considerably across mammalian orders (Lydic et al., 1982) . Historically, the SCN has been partitioned into subdivisions based on a variety of anatomical criteria, such as the sites where afferent projections terminate and the location of cells that produce different neuropeptides. At present, however, there is controversy about how best to define subdivisions of the SCN and even the number of anatomical subregions contained within the SCN ( Morin and Allen, 2006; Morin, 2007) . This controversy is the result of a variety of factors, including species differences in the anatomy of the SCN as well as the dynamic changes that can occur in the anatomical features of the SCN (e.g., rhythmicity in neuropeptide content). It is important to note that SCN anatomy has only been examined in a limited number of species, so the full extent of species differences in SCN anatomy is not known. The existing data suggest, however, that there is considerable conservation of the neurotransmitter and neuropeptide content of the SCN even though their exact anatomical locations may vary across species. It is also noteworthy that studies of the SCN have been conducted almost exclusively in males. While accurate topographical descriptions of SCN anatomy in discussions of SCN function are quite important (Lee et al., 2003; Morin, 2007) , they have not been routinely provided in published reports. Despite the controversial nature of how SCN subdivisions have been defined, these designations have been used extensively over the last 25 years, retain heuristic value, and therefore cannot be ignored in discussions of the functional properties of SCN neurons.
There are a number of excellent reviews of SCN neuroanatomy that discuss the issues related to SCN subdivisions, so we provide Fig. 1 . Comparison of the phase shifting effects of ''photic" (solid red line) and ''non-photic" stimuli (dotted black line) presented to nocturnally active rodents housed in constant darkness. Light does not produce phase shifts until the late subjective day and early subjective night when it produces phase delays. Later in the subjective night light produces phase advances. Non-photic stimuli, such as injection of neuropeptide Y into the suprachiasmatic region, induce large phase advances during the subjective day and smaller phase delays in the subjective night. Note: not all ''non-photic" phase shifting stimuli produce a pattern of phase shifts like those seen in this figure. In nocturnal rodents the subjective day refers to the inactive phase and the subjective night refers to the active phase of the circadian cycle. Circadian time 12 is designated as the time of locomotor onset (modified from Webb et al., 2014) .
only a brief background and discussion here (Moore et al., 2002; Hastings and Herzog, 2004; Lee et al., 2003; Antle et al., 2009; Morin, 2007 ; Antle and Silver, 2005; Yan et al., 2007; Yan, 2009; Evans, 2016; Evans and Gorman, 2016) . Historically, each side of the bilaterally paired SCN has been divided into two regions (although a third division has been described as well) (Morin, 2007) . One region has been called the ventral/ventrolateral and/ or core, while the other subdivision has been called the dorsal/dorsomedial and/or shell. For consistency we will use the terms ventral or ventral core and dorsal or dorsal shell. Fig. 2 summarizes the general features of the ventral core/dorsal shell conceptualization of SCN organization.
Neurons in what has been called the ventral, ventrolateral, or core region receive direct input from the retina (Morin, 2013) . A substantial number of these neurons produce vasoactive intestinal peptide (VIP), peptide histidine isoleucine (PHI), and/or gastrin releasing peptide (GRP) (Okamura et al., 1986 ; van den Pol and Tsujimoto, 1985; Stopa et al., 1988) . VIP and PHI are derived from a common precursor and are therefore consistently found within the same SCN neurons (Romijn et al., 1998; Nishizawa et al., 1985) . Some of these VIP/PHI producing SCN neurons also produce GRP (Okamura et al., 1986; Albers et al., 1991; Romijn et al., 1997) . Although the pattern of retinal input differs across species, retinal inputs synapse directly on many VIP, PHI, and GRP neurons Tanaka et al., 1997a; Aioun et al., 1998) , and environmental lighting influences SCN levels of these neuropeptides (Albers et al., 1987; Shinohara et al., 1993; Zoeller et al., 1992; Albers et al., 1990; Okamoto et al., 1991) . Light reduces VIP mRNA and protein and increases GRP mRNA and protein in rodents housed in LD cycles Albers et al., 1990; Zoeller et al., 1992; Okamoto et al., 1991; Duncan et al., 1995) , while in constant lighting conditions no rhythms in the levels of VIP or GRP mRNA and protein are observed Zoeller et al., 1992; Shinohara et al., 1993) . Lighting conditions also influence SCN release of VIP and GRP (Francl et al., 2010a, 2010b) . Neurons in the ventral SCN exhibit increased levels of Per1 and Per2 mRNA and protein in response to phase shifting pulses of light. Light induces Per1 expression in the ventral SCN throughout the night, even at times when light does not induce phase shifts (Yan and Silver, 2002) . Circadian rhythms in Per1 and Per2 mRNA have also been detected in neurons of the ventral SCN by some methods, but not by others (Karatsoreos et al., 2004; Yan et al., 1999; Hamada et al., 2001; Smyllie et al., 2016) .
In the dorsal, dorsomedial, or shell region there is a large population of neurons that produce arginine-vasopressin (AVP) (Vandesande et al., 1975; van den Pol and Tsujimoto, 1985; Card and Moore, 1984) . Although originally thought to be devoid of retinal input, more recent evidence indicates that the dorsal region contains RHT terminals ( Moore and Card, 1985; Muscat et al., 2003; Hattar et al., 2006; Fernandez et al., 2016) . The dorsal SCN exhibits increased levels of Per mRNA in response to light only after increased mRNA levels are observed in the ventral SCN (Yan and Silver, 2002; Yamamoto et al., 2001; Albrecht et al., 1997; Hamada et al., 2004a) . In the dorsal region there are a large number of neurons that exhibit rhythms in Per1 and Per2 mRNA and other immediate early genes (Guido et al., 1999; Yan et al., 1999; Hamada et al., 2001) . In response to photic stimuli that induce phase shifts, several important indices of neuronal activity (e.g., peaks in Per expression and spike rate) phase shift more rapidly in the ventral core than in the dorsal shell (Albus et al., 2005; Yan and Silver, 2002, 2004; Nagano et al., 2003) .
Several investigators have proposed hypotheses on the mechanisms that mediate entrainment within the SCN ; Hastings and Herzog, 2004 ; Antle and Silver, 2005; Lee et al., 2003; Yan et al., 2007) . One proposition is that there are ''non-rhythmic" SCN cells in the ventral core that respond directly to light input and intrinsically ''rhythmic" SCN clock cells in the dorsal shell that do not. A light-induced phase shift occurs when non-rhythmic cells in the ventral core communicate the lighting signal to the oscillator in the dorsal shell. An alternative proposition is that there are rhythmic neurons in the ventral core that directly or indirectly respond to light, and interactions between the oscillators in the ventral core and dorsal shell are responsible for light-induced phase shifts. It is clear that endogenously driven circadian oscillations are not entirely restricted to the dorsal shell although it is not known if rhythmic cells in the ventral core are light-responsive (Albus et al., 2005; Myung et al., 2015; Evans et al., 2013) . Indeed, studies of cultured SCN neurons have found that both VIP and AVP positive cells can, but do not always, exhibit intrinsic rhythmicity, and that these neuropeptide containing cells represent a surprisingly small percentage of the cells displaying intrinsic rhythmicity (Shinohara et al., 1996; Webb et al., 2009) . Although the ventral core/dorsal shell dichotomy is overly simplistic, the concept of rhythmic elements as well as non-rhythmic light-responsive elements provides a simple and testable view of the function of these two distinct groups of SCN neurons. While the distribution of rhythmic and light-responsive elements appears to be a common feature within the SCN, the anatomical distribution of these elements as well as their neurochemical phenotype likely differs across species (Lee et al., 2003; Ramanathan et al., 2009; Yan and Silver, 2002; Yan and Okamura, 2002) .
Much remains to be learned about how neurons communicate within and between subdivisions of the SCN (see Section 8.1). There are a number of different types of signaling processes that may be responsible for communication among SCN cells (for reviews see Michel and Colwell, 2001 ; van den Pol and Dudek, 1993) . Synaptic activity is an important form of communication among SCN neurons. Synaptic arrangements in the SCN are complex, and ultrastructural differences can be found across neighboring neurons throughout the nucleus (Guldner and Wolff, 1996; van Fig. 2 . Schematic diagram of the ventral core/dorsal shell conceptualization of the organization of the suprachiasmatic nucleus illustrating the anatomical and functional heterogeneity of the nucleus. Major afferent pathways including the retinohypothalamic tract (RHT), geniculohypothalamic tract (GHT), and a projection from the raphe nucleus (Raphe) terminate primarily in the ventral core, although RHT terminals can also be found in the dorsal shell. Neurons in the ventral core contain GABA and a variety of neuropeptides including vasoactive intestinal peptide (VIP) and gastrin releasing peptide (GRP), all of which are frequently colocalized in the same neuron. Some neurons in the ventral core display endogenous rhythmicity ($) while others do not (-) . In the dorsal shell, more neurons display endogenous rhythmicity. Neurons in the dorsal shell contain GABA and neuropeptides including arginine-vasopressin (AVP), all of which are frequently colocalized in the same neuron. Neurons in the dorsal shell and ventral core can communicate via GABA and probably other neurochemical signals.
den Pol, 1980; Lenn et al., 1977; Buijs et al., 1994 ; Suburo and Pellegrino, 1969; Guldner, 1978) . Synaptic activity within the SCN is essential for the expression of overt circadian rhythmicity and for the entrainment of the pacemaker with the LD cycle (Schwartz et al., 1987; Schwartz, 1991) . In contrast, several lines of evidence suggest that synaptic activity may have little to no role in the timekeeping ability of the SCN pacemaker Schwartz et al., 1987; Bouskila and Dudek, 1993; Honma et al., 2000; Yamaguchi et al., 2003; Reppert and Schwartz, 1984; Schwartz, 1991) . There is evidence that non-synaptic release of neurochemical signals may be important in SCN communication. Neurochemical signaling outside of classical synapses has become increasingly recognized as a significant form of inter-neuronal communication (for reviews see Trueta and De Miguel, 2012; Stoop, 2012 ; Leng and Ludwig, 2008) . Inter-dendritic and intersomatic appositions within the SCN have the potential to mediate non-synaptic interactions (Guldner and Wolff, 1996; van den Pol, 1980) , and neurochemical signals can be released in non-synaptic regions of SCN neurons (Castel et al., 1996) . In addition, SCN neurons are close together, so even small amounts of extrasynaptic GABA release have the potential to significantly raise extracellular GABA levels (van den Pol, 1980) . While initially controversial, gap junctions have now also been confirmed in the SCN, indicating that SCN neurons may communicate directly through electrotonic coupling (Jiang et al., 1997b; Shirakawa et al., 2000; Colwell, 2000; Rash et al., 2007; Long et al., 2005) . In addition, the potential importance of neuroglia in SCN communication should not be overlooked (Slat et al., 2013; Bosler et al., 2015) . One great mystery is how circadian organization is communicated to the vast number of physiological and behavioral variables that display endogenous rhythmicity. It is clear, however, that the circadian timing system employs both neural and humoral signaling as outputs of the pacemaker (see Section 10).
Summary of SCN organization
Much remains to be learned about how the anatomically and functionally heterogeneous elements within the SCN come together to form an entrainable circadian pacemaker. The nucleus receives numerous afferent projections, but the most important for influencing the phase of the circadian pacemaker appear to be the RHT and GHT. There is a general consensus that there are at least two major subdivisions in the SCN, the ventral core and the dorsal shell, although uncertainty remains about the anatomical and functional boundaries of these two regions. For example, the RHT synapses preferentially in the ventral core in some species but not others. Environmental lighting influences the expression of neuropeptides and clock genes within the ventral core and at least some neurons in this subdivision can exhibit endogenous circadian oscillations. A larger percentage of neurons within the dorsal shell exhibit circadian oscillations and likely represent fundamental components of the circadian pacemaker. Some of the most important neurobiological questions remaining about SCN functioning are how neurochemical signaling serves to communicate entrainment signals to the pacemaker, couple clock cells and subpopulations of clock cells in the SCN to form a pacemaker, and how the pacemaker drives rhythmicity in its diverse outputs.
Investigation of GABA function within the SCN
GABA is recognized as the primary inhibitory neurotransmitter in the brain. While much has been learned about GABA's actions, the study of GABA function has been complicated by its role in so many different circuits and the complexity in so many features of its signaling. The SCN provides an outstanding model system to study the dynamics of GABA signaling because GABA is found in such a large percentage of SCN neurons and, as a circadian pacemaker, the SCN provides a GABAergic network with easily quantifiable and functionally significant inputs (e.g., light) and outputs (e.g., phase shifts). In this review, we will begin by briefly discussing the methodological approaches that have been used to study GABA in the SCN. We will then discuss the current state of knowledge of GABA signaling as revealed by its investigation throughout the brain, but with a special emphasis on the SCN. More specifically, we will review the factors governing GABA release, how GABA interacts with other neurochemical signals, the complex nature of GABA receptors, the regulation of extracellular levels of GABA, and the controversies that have developed surrounding GABA's ability to evoke excitatory responses. Finally, we will examine the ways that GABA signaling contributes to the formation of a circadian pacemaker within the SCN, the entrainment of circadian rhythms with the day-night cycle, and the imposition of circadian rhythmicity on systems throughout the body.
Methodological issues
GABA function in the SCN has been investigated using a wide range of powerful and innovative approaches in both in vitro and in vivo systems. In vitro studies have employed primary cultures of SCN neurons to investigate a variety of fundamental questions, such as whether single SCN cells are capable of circadian rhythmicity and whether GABA is involved in communication between rhythmic SCN neurons (Welsh et al., 1995; Liu and Reppert, 2000; Shirakawa et al., 2000) . Primary culture is a useful tool to determine single cell contributions to the overall network. It is important, however, to note the animal's age at the time of culture preparation because of the developmental changes in the polarity of the neuronal responses evoked by GABA (see Section 6). As such, extrapolations on the functions of GABA from data collected in primary culture to the intact circadian system in adults should be interpreted with this transition in mind.
Another in vitro approach that has contributed greatly to our understanding of the cellular actions of GABA in the SCN is the hypothalamic slice preparation (Green and Gillette, 1982; Groos and Hendriks, 1982; Meijer and Michel, 2015) . This preparation, typically employing adult SCN tissue, has been used to study the cellular properties of SCN neurons using techniques such as electrophysiological recordings and Ca 2+ imaging. Commonly used recording approaches range from multiple unit activity recordings, single unit recordings, and cellular electrophysiology using intracellular and whole-cell patch clamp configurations. Careful attention must be paid to the ionic concentration of extracellular and intracellular solutions (e.g., Cl À concentration) (Wagner et al., 2001 ) and the recording time after membrane rupture (Schaap et al., 2003) . Multiple unit recordings allow measurement of global neurophysiological activity by recording from the same group of neurons over long time intervals. This strategy is relatively noninvasive (i.e., the intracellular ionic regulation is not perturbed) and allows continuous measurement of neuronal activity over several circadian cycles. Single cell recordings can include extracellular single-unit recordings, visually guided loose patch recordings, or whole cell patch clamp recordings. These powerful approaches allow delivery of pharmacological compounds and/or electrical current to specific SCN regions or cells. Furthermore, intracellular or whole-cell recordings permit isolation of GABA-mediated changes in current (i.e., voltage clamp) or voltage (i.e., current clamp). Single cell recordings have also been commonly used to study circadian rhythmicity in firing rates of SCN neurons. This approach employs multiple episodic single unit recordings in which a single neuron is recorded for a few minutes and then the extracellular electrode is moved to record from another neuron. This process is repeated over long intervals resulting in records of neuronal firing that have been obtained from many different neurons at different time-points.
There are other factors that should be considered when interpreting in vitro SCN data. First, the loss of many afferent projections to the SCN is obviously problematic for investigating the function of afferent entrainment pathways. In fact, there is evidence to suggest that extra-SCN oscillators play a powerful role in entrainment and possibly in the generation of circadian rhythmicity (Albers et al., 1984c; Vansteensel et al., 2003b) . Another consideration is how SCN neuronal activity is affected by the environmental lighting conditions donor animals are exposed to prior to slice preparation. We do know that these prior lighting conditions can have a significant impact. For example, the electrical properties of SCN neurons from mice entrained to a LD cycle immediately prior to slice preparation differ substantially from slices obtained from mice housed on constant darkness for four days before slice preparation (see Section 5.4). We do not know, however, how long these prior conditions impact SCN neuronal activity in the slice. One approach used to study entrainment in hypothalamic slices has been to expose animals to light pulses immediately prior to the preparation of a slice. This approach has provided some very interesting data indicating that short pulses of light trigger sustained firing of SCN neurons that can last 6-8 h (LeSauter et al., 2011; Kuhlman et al., 2003) , and that NPY applied in vitro blocks the phase shift induced by a light pulse administered in vivo ( Yannielli and Harrington, 2000) . Nevertheless, this approach has obvious limitations for the investigation of the dynamic interactions that may occur among multiple afferent entrainment pathways and SCN interneurons in the time interval between the light pulse and the phase shift of the pacemaker.
Second, the effects of drugs can differ qualitatively as well as quantitatively in the slice preparation versus the intact circadian system. For example, administration of glutamate in the slice preparation produces phase shifts that mimic those produced by light pulses given to intact animals (Ding et al., 1998) , while administration of glutamate into the SCN in animals with an intact circadian system mimics the resetting effects of pulses of darkness or administration of NPY (Meijer et al., 1988) . The magnitude of the response to neurotransmitter agonists can also be substantially larger in reduced preparations such as the hypothalamic slice. For example, NPY injected into the SCN produces phase advances in locomotor rhythms of approximately 1.5 h in vivo ( Albers and Ferris, 1984; Gamble et al., 2004 Gamble et al., , 2005 Biello et al., 1997) but advances of approximately 4 h in single unit activity rhythms in the hypothalamic slice (Medanic and Gillette, 1993; Golombek et al., 1996) . Interestingly, the results from studies of phase shifting using multiple unit recordings more closely mimic the size of phase shifts observed in intact animals (see Gribkoff et al., 1998) . The efficacy of antagonists can also differ substantially between in vitro and in vivo situations. For example, the same NPY antagonist potentiates light induced phase shifts in vivo Gamble et al., 2005) but has no effect in vitro . It has been proposed that these differences are the result of a lower endogenous tone of NPY in vitro than in vivo, because the SCN slice is unlikely to have the circuitry to support regulated release of the neuropeptide ( . These finding emphasize that there are a complex series of inputs that provide feedback to the SCN that are lost when experiments are conducted in brain slices (Vansteensel et al., 2003b; Meijer and Michel, 2015) .
Third, in vivo studies have administered GABA-active drugs both systemically and by direct injection into the SCN region. Of course the effects of GABA-active drugs administered systemically could occur in many different sites within the body. The use of sitespecific injections of GABA drugs is a far more discrete approach to manipulating the GABA system in the SCN. However, even with this approach it is not possible to avoid the spread of the drug throughout the SCN, and possibly to surrounding areas given its close proximity to the third ventricle. Comparison of drug effects from systemic versus site-specific injections into the SCN have revealed that these routes of administration can produce dramatically different and sometimes opposite effects on circadian control (Ralph and Menaker, 1985; Gillespie et al., 1996) (see Section 9.2.4).
Finally, it is important to consider the functional significance of the measurements made by the techniques used to study circadian function in the SCN. The period and phase of overt rhythms can be confidently considered to be properties of the underlying circadian pacemaker . Measurements of the firing rate of SCN neurons provide important insights into the electrical state of these neurons, although the relationships among firing rate, circadian period, and phase are not fully understood. For example, inhibition of synaptic signaling in the SCN by blocking sodium (Na + )-dependent action potentials does not prevent the pacemaker from keeping time, alter its circadian period, or induce phase shifts (see Section 8.1). On the other hand, when the firing of SCN neurons is increased daily for 1 h with optogenetic manipulation, the phase of molecular rhythms as well as locomotor behavior is entrained to this increased firing in a manner similar to light (Jones et al., 2015) . Suppression of the firing of SCN neurons for 1 h with optogenetic manipulation has no effect on circadian phase during the night, but produces large phase delays at circadian time (CT) 0-6 and advances at CT 6-12 (Jones et al., 2015) . Although acute suppression of firing rate by inhibitory neurotransmitters (e.g., NPY) does not appear to be correlated with the size of the phase shift (Gribkoff et al., 1998) , the induction of persistent inhibition (lasting for 2-4 h after washout) is phase-dependent (Besing et al., 2012) . Moreover, potassium induced depolarization several hours after NPY application completely blocks the NPY-induced phase shifts, suggesting that the resting membrane potential is critically important for phase resetting (Besing et al., 2012) . NPY and other neurotransmitters that typically produce phase advances during the day, hyperpolarize the resting membrane potential and reduce firing rate through activation of G-protein coupled inwardly rectifying K + (GIRK) channels (Scott et al., 2010; Hablitz et al., 2014 Hablitz et al., , 2015 . Together, these results suggest that sustained changes in membrane potential at specific phases of the circadian cycle are key to resetting the circadian pacemaker. Studies in the reduced circadian system have made it possible to also examine the period and phase of constituent cells within the pacemaker. Powerful techniques, such as the analysis of the PER2 bioluminescence exhibited by individual neurons within a slice and the analysis of the firing of hundreds of SCN neurons continuously over days, have been used to study how SCN neurons interact. These preparations have provided dramatic new information on how elements within the SCN can interact, although these interactions are sometimes studied following exposure to highly atypical environments (e.g., LD 20:4). As a result, it remains important to verify that these same mechanisms underlie the interactions of SCN neurons in the fully intact circadian system operating in lighting conditions seen by animals in nature.
GABA release and its interaction with other neurochemical signals
It is now clear that many neurons, including GABAergic neurons, can release more than one neurochemical signal. Based on the frequency with which neurochemical signals are coexpressed in the brain, it seems likely that co-release is a common phenomenon, although actual demonstrations of co-release from neurons are rare. There is evidence, however, that GABA can be released with other low molecular weight neurotransmitters such as glycine and glutamate (Tritsch et al., 2016) . There is also substantial anatomical evidence for the colocalization of GABA with neuropeptides. In most cases, amino acid neurotransmitters like GABA are packaged in small synaptic vesicles (SSV) in presynaptic regions, while neuropeptides are found in large densecore vesicles (LDCV) in pre-synaptic areas as well as nonsynaptic areas. The colocalization of amino acid neurotransmitters and neuropeptides is a common occurrence in the nervous system (for reviews see Albers, 2015) , and the coexistence of GABA and neuropeptides within SCN neurons is strongly indicated by the consistent presence of LDCVs in GABAcontaining SCN terminals (Decavel and van den Pol, 1990) .
The co-release of amino acid neurotransmitters and neuropeptides occurs as a result of the exocytosis of both SSV and LDCVs induced by an influx of high levels of Ca 2+ through voltage-gated ion channels (for reviews see Hokfelt, 1991; Stoop, 2012; Ludwig and Leng, 2006) . The frequency of neuronal firing determines the amount and distribution of Ca 2+ influx, which in turn determines whether amino acid neurotransmitters and neuropeptides are released. Low frequency firing is sufficient to induce exocytosis of SSVs because they are close to where Ca 2+ enters the terminal while high frequency firing is necessary for the exocytosis of LDCVs because they are further away from the ion channels where Ca 2+ enters the terminal. As a result, synaptic release of neuropeptides lags behind the release of amino acid neurotransmitters (Fig. 3) . Although GABA is found primarily in SSVs in the SCN, GABA immunoreactivity has been identified in LDCVs as well (Castel and Morris, 2000; van den Pol, 1986) . These findings have led to the hypothesis that GABA can be synthesized or taken up in the neuronal cell body and then packaged in LDCVs with and possibly without neuropeptides. GABA containing LDCVs can be transported to synaptic terminals and exocytosed in response to Ca 2+ influx through voltage-gated ion channels. Alternatively, LDCVs containing GABA could be exocytosed in non-synaptic regions as the result of Ca 2+ influx from membrane bound voltage-gated Ca 2+ channels in close proximity to the LDCVs, or voltage-independent Ca 2+ release from intracellular stores (e.g., endoplasmic reticulum) (Fig. 4) . The exocytosis of LDCVs resulting from the release of intracellular Ca 2+ occurs in other hypothalamic regions and can occur in the absence of changes in electrical activity, because Ca 2+ influx through voltage-gated ion channels is not required.
Once released into the extracellular fluid outside of the synaptic Fig. 3 . Hypothetical illustration of how different patterns of synaptic release of an amino acid neurotransmitter (NT) and colocalized neuropeptides (NP) could result from differences in neuronal firing and neuropeptide biosynthesis. Each panel is an example of differences that might occur in NT and NP release at a specific phase of the circadian cycle. (A) Moderate neuronal firing (l l l l l l) produces moderate levels of Ca 2+ influx through voltage-gated ion channels resulting in exocytosis of small synaptic vesicles (SSV; purple circles) and release of NT. (B) High levels of neuronal firing (lllllllllll) produce high levels of Ca 2+ influx through voltage-gated ion channels resulting in exocytosis of both SSVs and large dense-core vesicles (LDCV; blue circles) resulting in release of NT and NP. (C) (2015)).
cleft, neurotransmitters and neuropeptides are capable of producing prolonged diffuse signals that can spread as far as 4-5 mm. This mode of communication, called volume transmission, contrasts dramatically with the more rapid and local signaling produced by release within the synapse (Engelmann et al., 2000; Fuxe et al., 2010) . Much of what we know about volume transmission comes from studies of non-synaptic neuropeptide release; however, this same signaling mechanism also applies to low molecular weight neurotransmitters, including GABA, released from neurons or astrocytes (Trueta and De Miguel, 2012; Lee et al., 2010; Rossi et al., 2003; Rozsa et al., 2015) . The percentage of SCN neurons that contain both GABA and neuropeptides is quite high, although precise numbers are hard to estimate for a variety of technical reasons. For example, in immunohistochemical studies GABA immunoreactivity can be faint, immunoreactive neurons often overlap, and the density of immunoreactivity for GABA and neuropeptides may change over the circadian cycle. Therefore, quantitation of the percentages of neurons containing GABA and/or neuropeptide immunoreactivity may be underestimated. While some studies report that all VIP/ PHI and AVP immunoreactive neurons also contain GABA (Moore and Speh, 1993) other studies have found that GABA is more frequently colocalized with VIP/PHI than with AVP (Castel and Morris, 2000; Buijs et al., 1995; Francois-Bellan et al., 1990) . Indeed, counts from duaI-labeled electron micrographs have suggested that GABA may be found in up to 70% of VIP immunoreactive boutons and 35% of AVP immunoreactive boutons (Castel and Morris, 2000) . Another study examined the colocalization of the mRNAs encoding glutamic acid decarboxylase (GAD), the rate-limiting step in GABA synthesis, with the mRNAs encoding AVP and VIP/PHI using double-labeled in situ hybridization (Tanaka et al., 1997a (Tanaka et al., , 1997b . Using this approach 91% of AVP mRNA positive neurons and 94% of VIP mRNA positive neurons also contained GAD mRNA.
The number of neuropeptides potentially released from a single GABA containing neuron could be quite large. For example, some GABA and VIP/PHI containing neurons likely also contain GRP (Okamura et al., 1986; Albers et al., 1991; Romijn et al., 1997) .
The high frequency of GABA colocalization with VIP/PHI combined with the existence of dense, direct projections from neurons in the ventral to the more dorsal SCN suggests that GABA could play an important role in synaptic communication between retinorecipient regions containing non-rhythmic and/or rhythmic neurons and rhythmic neurons in the dorsal SCN (Leak et al., 1999; Romijn et al., 1997) .
GABA producing SCN neurons are closely associated with the terminals of the GHT and the serotonergic projection from the raphe. The GHT contains GABA and NPY producing neurons that project primarily to the retino-recipient field within the SCN ( Moore and Card, 1994) . GABA and NPY terminals frequently converge on the same postsynaptic targets in the ventral SCN thereby mediating the functionally important GABA-NPY interactions to be discussed later (see Section 9.1). Similarly, GABA terminals and 5-HT terminals often converge on the same postsynaptic membranes in the SCN (Bosler, 1989; François-Bellan and Bosler, 1992) . A large number of these serotonergic terminals are found within the retino-recipient terminal field. Serotonergic terminals can presynaptically inhibit RHT activity via 5-HT1b receptors (Bramley et al., 2005) . Interestingly, however, most of the 5-HT1b receptors are on terminals other than those of the RHT (Pickard et al., 1996; Manrique et al., 1999) . Indeed, many of the 5-HT1b receptors are on GABA terminals and their activation reduces GABA release (Bramley et al., 2005) .
In summary, GABA is most frequently found packaged in SSVs in pre-synaptic regions, although GABA has also been identified in LDCVs. GABA may be released from SCN neurons alone when low frequency stimulation causes a focal increase in Ca 2+ at the presynaptic membrane. High frequency stimulation, however, likely results in the release of neuropeptides as well as GABA. The possibility that GABA can act by volume transmission has the potential to produce a very different type of GABA signaling that could be involved in the coupling of circadian clock cells and/or serve as an efferent signal driving the rhythmicity of output systems (see Sections 8. 1 and 10.2) . The functional significance of synaptic and possibly non-synaptic co-release of GABA and neuropeptides within the SCN is a major gap in our knowledge, because the (Fig. 3) . It has been proposed that the ratio of receptor activation within the SCN provides clear ''time of day" information within the nucleus and that the release of different ratios of signals from SCN efferents could serve as an output signal of the pacemaker in animals entrained to a LD cycle .
GABA receptors
Receptors that bind GABA are found on most neurons in the mammalian brain (Decavel and van den Pol, 1990 ; Mody and Pearce, 2004) . The effects of GABA are mediated by two major classes of GABA receptors: GABA A and GABA B Sieghart, 2008, 2009; Benarroch, 2012; Ulrich and Bettler, 2007) , both of which are found in the SCN ( Ulrich and Bettler, 2007) . Both GABA A and GABA B receptors are composed of multiple subunits that can determine their subcellular distribution and function, and both classes of receptors can be found presynaptically, postsynaptically, and on extrasynaptic membranes in the brain (Benarroch, 2012) . Investigation of GABA neurotransmission has benefited greatly from the availability of potent and selective GABA-active drugs that discriminate between GABA's effects on GABA A and GABA B receptors (see discussion in Table 2 ). Pharmacological tools for studies of the different forms of the GABA A receptor are also emerging, although their actions are not fully understood. GABAactive drugs have been used in a wide range of in vitro and in vivo preparations to investigate GABA function in the SCN.
GABA A receptors
GABA A receptors are pentameric hetero-oligomers with at least 19 possible subunits (see Table 1 ) (Rudolph et al., 2001 ; Vicini and Ortinski, 2004; Olsen and Sieghart, 2008) . Different combinations of these subunits alter the receptors' pharmacological properties and subcellular location (Belelli et al., 2009; Farrant and Nusser, 2005; Winsky-Sommerer, 2009 ). Some subunits are expressed widely throughout the brain, while others have more restricted anatomical distribution (for a review see Lee and Maguire, 2014) .
Most GABA A receptors contain two copies of a single a subunit, two copies of a single b subunit, and one copy of another subunit. One notable exception is GABA A receptors composed of varying combinations of three q subunits; these receptors were formerly classified as GABA C receptors (Olsen and Sieghart, 2008) . Most of the research on GABA A mediated neurotransmission has focused on receptors containing the c subunit. The most common GABA A receptor in the brain (>40% of all GABA A receptors) is composed of the a 1 , b 2 and c 2 subunits (i.e., 2 a 1 ; 2 b 2 and 1 c 2 ) (Chang et al., 1996; Baumann et al., 2002) . These receptors are found in the synapse and mediate transient 'phasic' inhibitory postsynaptic currents (IPSCs) produced in response to presynaptically released GABA. These phasic GABA A receptors respond to GABA release within the synapse in concentrations greater than 1 mM, produce IPSCs which peak and decay within milliseconds, and display rapid desensitization (Mozrzymas et al., 2003) . We will refer to these receptors as GABA A -PHASIC (after Stell and Mody, 2002) (Fig. 5 ).
c subunit-containing GABA A receptors are sensitive to benzodiazepines (BDZs) which bind to GABA A receptors in a pocket formed by adjacent a and c subunits, a different site from the region that binds GABA (for a review see Tan et al., 2011 ) (see Table 2 for further discussion).
In contrast to GABA A -PHASIC receptors, GABA A receptors found outside of the synapse mediate tonic currents. Tonic GABA currents can control the gain of overall neuronal excitability resulting in stronger excitation as well as stronger inhibition . Characterization of the magnitude of tonic currents mediated by these receptors has been complicated by a variety of experimental factors (e.g., temperature, pH) (for a review see Bright and Smart, 2013) . What is clear is that these extrasynaptic receptors are BDZ insensitive, steroid sensitive, display a longer Pharmacological approaches to studying GABAergic neurotransmission in the SCN necessarily rely on receptor-specific drugs affecting both orthosteric and allosteric sites. Recombinant expression systems are widely used to characterize pharmacology of receptors using forced concatenation of GABA A subunits. Yet this method may fail to recapitulate pharmacological profiles of native receptors due to alternative positioning of subunits or altered allosteric conformation of binding sites, which is demonstrated by the enormous amount of variability in sensitivity (greater than an order of magnitude) of recombinant GABA A Rs to ligands (for a review see Hevers and Luddens, 1998) . There are additional issues specific to using recombinant GABA A -TONIC receptors experimentally. Varying amounts of d subunits are incorporated into recombinant GABA A -TONIC receptors, resulting in receptors that do not share the pharmacological properties of native receptors (Sigel et al., 2009; Meera et al., 2010) . Although several studies have investigated the expression of individual GABA A receptor subunits within the SCN, the exact subunit composition and intranuclear location of various native GABA A receptors represents a large gap in our knowledge (see Section 4.1).
Muscimol is used as a GABA A -specific agonist. However it also inhibits GABA uptake potentially resulting in higher extracellular GABA levels (for a review see Johnston, 2014) . These additional effects on GABAergic neurotransmission should be taken into consideration when interpreting results based on experimental use of muscimol. Antagonists provide an additional cautionary example of the issues surrounding GABA A receptor pharmacology and the use of recombinant receptor systems to classify pharmacological specificity. For example, bicuculline is widely reported to be a specific antagonist to GABA A receptors. This is true for bicuculline. However bicuculline is not readily soluble in aqueous solutions and degrades rapidly; thus bicuculline base and bicuculline salts are frequently used instead given their aqueous solubility and stability in solution at physiological pH (for a review see Johnston, 2013) . These forms of bicuculline have broad pharmacological effects outside of GABA A receptors. Bicuculline salts antagonize Ca 2+ activated K + (SK) channels (Seutin and Johnson, 1999) , inhibit acetylcholinesterase activity (Breuker and Johnston, 1975) , and also antagonize other ligand gated ion channels in the cys-loop superfamily, such as the nicotinic acetylcholine receptor, the a2 glycine Cl À channel, and the 5HT(3A) cation channel (Sun and Machu, 2000) , all of which are expressed in the SCN (Ito et al., 1991; Meredith et al., 2006; Carrillo et al., 2010) (for a review see Seutin and Johnson, 1999) . Picrotoxin has been used as a GABA A antagonist, however, it is also a potent antagonist at glycine receptors (Chattipakorn and McMahon, 2002; James et al., 2014) . Similarly, strychnine, which is widely reported to be a glycine receptor-specific antagonist, has equal potency at inhibiting GABA A receptors in vitro (Shirasaki et al., 1991) . Another popular GABA A antagonist, gabazine (SR 95531), can differentially affect GABA A -PHASIC and GABA A -TONIC receptors, depending on extracellular GABA concentrations. Under low extracellular GABA conditions, 200 nM gabazine preferentially blocks GABA A -TONIC currents (Cope et al., 2005) , whereas under high extracellular GABA, 200 nM gabazine blocks GABA A -PHASIC currents (Stell and Mody, 2002) . At higher concentrations (10 lM), gabazine can inhibit both classes of GABA A Rs (Stell and Mody, 2002 ) and function as a competitive antagonist at glycine receptors (Wang and Slaughter, 2005) . Although gabazine has the potential to discriminate between GABA A -PHASIC and GABA A -TONIC receptors, there is currently not enough data to support its application as a selective antagonist for this purpose, and caution should be used in interpreting its effects on GABA A receptors containing different combinations of subunits. Furthermore, species-and anatomically-specific differences exist in GABA A receptor pharmacology. In regard to allosteric modulators the ''ethanol antagonist" RO15-4513, for example, is used as a GABA A -TONIC antagonist. However, it is effective at antagonizing the effects of ethanol in rats but not mice (for a review see (Lister and Nutt, 1987) . Although RO15-4513 only has direct pharmacological effects at extrasynaptic GABA A receptors, it also has high affinity for all GABA A receptors with BZD binding sites, and can antagonize the effects of diazepam, another allosteric modulator that is reported to act exclusively at synaptic (phasic) GABA A receptors (Lister and Nutt, 1988) . Furthermore, RO15-4513 can also be displaced from its binding site by both diazepam and the benzodiazepine antagonist flumazenil (RO15-1788) (Korpi et al., 2002) . Thus it appears that all GABA A receptor subtypes may have BZD binding sites, but different BZD ligands can have both direct and indirect modulatory effects on these receptors dependent upon subtype. Thus, when performing studies and interpreting the results of in vivo and in vitro research on GABA A receptors, one must carefully scrutinize the methodology and consider that the pharmacological and behavioral effects being measured. These effects may indeed be a result of actions of the drugs at other GABA A receptor subtypes, or on other receptors in the cys-loop superfamily of ligand gated ion channels that are present in the circadian system. Fortunately, the pharmacology of the GABA A family of receptors is a very active field of research, and thus new drugs with greater specificity are continuously being developed which should facilitate studies both advancing the field and confirming the plethora of data currently available on GABAergic neurotransmission in the circadian system. a See text above for specific citations.
duration of activity due to low levels of desensitization, and respond to low ambient levels of GABA of around 0.5-1 lM (Semyanov et al., 2004; Santhakumar et al., 2006) . Low ambient levels of GABA in the extracellular space outside of synapses can result from a variety of factors such as synaptic spillover or nonsynaptic GABA release from neurons or glia (Lee et al., 2010; Semyanov et al., 2004; Yoon and Lee, 2014) . We will refer to these receptors as GABA A -TONIC receptors (after Stell and Mody, 2002) (Fig. 5) . Although these receptors frequently contain the d subunit, some extrasynaptic GABA A receptors that mediate tonic GABAergic currents do not (for a review see Lee and Maguire, 2014) . GABA A receptors containing the d subunit appear to associate exclusively with a 1 , a 4 , or a 6 subunits in vivo (Jones et al., 1997; Sur et al., 1999; . It is largely unknown which b subunits associate with the d subunit to form functional GABA A -TONIC receptors, but a 6 b 2/3 d and a 4 b 2/3 d oligomers have been identified in vivo (Nusser et al., 1999; Peng et al., 2002) . Much remains to be learned about the functions and potential interactions of GABA A receptor subtypes within the SCN and throughout the CNS (Wu et al., 2013) . Given that subunit composition dictates GABA A receptor subcellular location and function, characterization of GABA A receptor composition is critical to understanding GABAergic communication within the SCN. Toward this end, a number of experimental approaches have been used to investigate the subunit composition of GABA A receptors in the SCN. Electrophysiological studies have taken advantage of the fact that GABA A receptors composed of ab subunits are highly sensitive to zinc (Zn 2+ ) while the presence of a c subunit reduces Zn 2+ sensitivity by two-fold (Smart et al., 1991; Draguhn et al., 1990) . Results from studies of SCN neurons obtained from early postnatal rats are not consistent. One study found that GABA-induced inward current in the SCN was inhibited by Zn 2+ in a dose-dependent manner, and that there was no potentiation of the current response by the BDZ diazepam as would be expected if the c subunit was present (Kawahara et al., 1993) . Another study also using SCN neurons from early postnatal rats found that diazepam potentiates GABAinduced currents, thereby suggesting that the SCN does contain c subunits (Shimura et al., 1996) . More recent studies in SCN neurons from older rats confirm that both Zn 2+ and BDZ responses are found in the SCN, but disagree as to whether a significant number of SCN neurons contain receptor subunit configurations that include the c subunit Kretschmannova et al., 2003 Kretschmannova et al., , 2005 . Interestingly, although Zn 2+ is found mainly in the ventrolateral SCN (Huang et al., 1993) , Zn 2+ has a greater inhibitory effect during the day in the dorsomedial SCN, suggesting there is a rhythm in the number of GABA A receptors that contain the c subunit, with peak levels occurring at night in this region (Kretschmannova et al., 2003) . Consistent with this observation, we have recently observed that c 2 peaks in the SCN at night in hamsters housed in LD cycles, however in hamsters housed in constant darkness for 10 days this pattern is reversed and c 2 peaks during the subjective day (Walton et al., 2016) . Molecular and cellular approaches have also been used to investigate the presence of different GABA A subunits in the SCN. It is important to remember, however, that the presence of subunits does not necessarily indicate the presence of functional GABA A receptor subtypes composed of those subunits (see Olsen and Sieghart, 2008 for a discussion). As can be seen in Table 1 , microarray data suggest that the SCN contains transcripts for all 19 GABA A receptor subunits. Although a previous study reported that transcripts for d and q subunits were not detectable using Northern blot analysis (O'Hara et al., 1995) , this study did not probe for some subunits that were not yet identified at that time (i.e., a6, c3, e, p, or h). Based on immunohistochemical studies, the SCN appears to contain, at a minimum, protein for the a 2 , a 3 , a 5 , b 1 , b 3 , c 2 , and d subunits (Belenky et al., 2003; Naum et al., 2001; Walton et al., 2016) . Subunit distribution varies across the ventral-dorsal and rostro-caudal extent of the SCN (Gao et al., 1995; Belenky et al., 2003) .
GABA A transcript and protein levels of at least some of these subunits are rhythmic in the SCN, including c 2 mRNA (Pizarro et al., 2013; Walton et al., 2016) , d mRNA (Walton et al., 2016) , (Naum et al., 2001) , and c2 protein (Walton et al., 2016) , suggesting that GABA A Rs composed of different subunits may have distinct roles in the SCN across the circadian cycle. It is important to remember, however, that mRNA rhythms can be uncoupled from protein rhythms in the SCN (Challet et al., 2013; Chiang et al., 2014) , suggesting that rhythms in protein may prove more informative than rhythms in mRNA levels. We recently found that the ratio of the d subunit (contained in the GABA A -TONIC receptor) to the c 2 subunit (contained in the GABA A -PHASIC receptor) is rhythmic in the SCN. mRNA expression patterns did not predict protein levels, indicating that the regulation of these receptors does not occur at the transcript level. The pattern of the protein rhythm suggests that GABA A -TONIC receptors are in greater abundance during the subjective night while GABA A -PHASIC receptors subunit and respond to presynaptically released saturating concentrations of GABA (>1 mM). These receptors can produce inhibitory postsynaptic currents that peak and decay within milliseconds and rapidly desensitize. Benzodiazepines (BDZs) are thought to bind in the pocket formed by the a and c subunits. Extra-synaptic GABA A -TONIC receptors are characterized by the presence of a d subunit and respond to non-saturating GABA concentrations (0.5-1.0 lM). These receptors are activated for long intervals because they display low levels of desensitization. Ethanol and steroids are thought to bind in the pocket formed by the a and d subunits.
are in greater abundance during the subjective day (Walton et al., 2016) . As discussed in Sections 9.1 and 9.2.2, these data are consistent with the hypothesis that the effects of GABA on circadian phase are mediated primarily by GABA A -PHASIC receptors during the subjective day and GABA A -TONIC receptors during the subjective night. One study, investigated the subcellular localization of GABA A receptors with electron microscopic immunocytochemistry using a well characterized antibody to the a 3 receptor subunit. These studies suggest that GABA A receptors are found on dendritic processes, neuronal perikarya, and axonal fibers and terminals (Belenky et al., 2003) . These data also suggest that the majority of GABA A receptors are found on dendrites and are associated with both synaptic and extrasynaptic regions of the plasma membrane. About 25% of GABAergic axonal terminals display immunopositive staining for a 3 subunits on extrasynaptic areas of their plasma membrane. Functionally, these presynaptic GABA A receptors can reduce GABA release within the SCN (Belenky et al., 2003) . The subcellular localization and subcellular patterns of expression across the circadian cycle of the remainder of the GABA A subunits have yet to be described across the circadian cycle. Additionally, to our knowledge characterization of any complete assembled functional GABA A receptor pentamer has yet to be described in the SCN. Given the central role of GABAergic neurotransmission in the SCN, a thorough characterization of the GABA A receptors within the SCN remains a large gap in our knowledge.
GABA B receptors
The GABA B receptor was first identified more than three decades ago, after the demonstration that GABA A receptor antagonists were unable to block the late component of inhibitory transmission Bowery et al., 1981) . GABA B receptors, like other G protein coupled receptors, have a central core domain composed of seven transmembrane helices. The GABA B receptor is composed of two subunits, GABA B1 and GABA B2 , and the activation of GABA B receptors results from conformational changes within and across these two subunits. GABA B receptors respond to extracellular GABA concentrations of around 50 nM (Enna and McCarson, 2013) .
Immunocytochemical studies of GABA B subunits have provided a great deal of information on the location of GABA B receptors within the SCN (Belenky et al., 2008) . Overall, there appear to be more GABA B receptors in the dorsal SCN than in the ventral SCN. Consistent with the GABA B receptor functioning as a heterodimer, protein for both subunits of the GABA B receptor appears to be equally expressed in the SCN (Belenky et al., 2008) , despite differences in their mRNA expression levels (Table 1) . Although no immunocytochemical studies have directly investigated circadian patterns of GABA B expression in the SCN, the GABA B agonist baclofen has greater potency in inhibiting SCN neuronal activity at night than during the day (Gribkoff et al., 2003) , suggesting the possibility that GABA B receptor number also varies across the circadian cycle. In the dorsal SCN, GABA B receptors are numerous on cells bodies and dendrites, but appear in smaller numbers on terminals. Further, many of the GABA B receptors found in the dorsal SCN are located in extrasynaptic regions of the membrane. The identification of postsynaptic GABA B receptors in SCN raises questions, because the GABA A receptor antagonist bicuculline blocks most postsynaptic GABAergic responses in the SCN. These data suggest that GABA B receptors are primarily responsible for pre-and not postsynaptic inhibition (Jiang et al., 1995 (Jiang et al., , 1997a Chen and van den Pol, 1998 ; Kim and Dudek, 1992) . GABA B receptors in the ventral SCN are highly localized in discrete areas and are closely associated with retinal afferents and terminals. As such, GABA B receptors are well positioned to modulate photic input to the SCN through presynaptic mechanisms (see Sections 5.5 and 9.2.3).
Summary of GABA receptors
Although the SCN appears to contain transcripts for all 19 GABA A receptor subunits, and both GABA B subunits, the translation of these transcripts into protein has only been confirmed for 7 of the GABA A subunits and both GABA B subunits. Some SCN neurons appear to have only GABA A receptors, others only GABA B receptors, while still others appear to have both GABA A and GABA B receptors (Strecker et al., 1994; . GABA A -PHASIC, GABA A -TONIC, and GABA B receptors can be found both presynaptically and postsynaptically in the SCN (Fig. 4) . The sustained effects of GABA A -TONIC receptors are distinct from the transient activation of GABA A -PHASIC receptors, and from the slower, but still transient, response of GABA B receptors.
GABA A receptors are found in greater numbers in the ventral SCN than in the dorsal SCN. While GABA A receptor subunits can be found throughout the neuronal membrane, many are seen on dendrites associated with both synaptic (GABA A -PHASIC receptors) and extrasynaptic (GABA A -TONIC receptors) regions. As such, GABA A receptors have the capacity to mediate a variety of GABA effects within the SCN. Conversely, GABA B receptors occur more frequently in the dorsal than in the ventral SCN, though presynaptic GABA B receptors are well positioned in the ventral SCN to modulate photic input.
The expression of some GABA A subunits is rhythmic across the circadian cycle, whereas rhythmic expression of GABA B receptors has yet to be reported. Because GABA-active drugs can have phase-dependent effects on circadian rhythms it is important to define the variations in GABA receptor composition and expression across the circadian cycle. As discussed below, there is evidence that all three of these GABA receptor subtypes play important roles in regulating the phase of the circadian pacemaker by their actions within the SCN region (see Section 9).
Factors regulating extracellular levels of GABA
The amount and distribution of GABA in the intra-and extracellular space depends on a complex interaction among factors controlling GABA release, synthesis, and transport. As discussed above (Section 3), GABA release from neurons depends on the exocytosis of GABA containing vesicles resulting from Ca 2+ influx via voltage-gated ion channels or Ca 2+ released from intracellular stores. Of course, the amount of GABA release from neurons depends on the amount of GABA contained within vesicles that are ready for release. In the following section, two mechanisms that mediate the amount of GABA available for neuronal release, GABA synthesis and the transport of GABA into vesicles, will be discussed (Fig. 4) .
Regulation of releasable GABA in the SCN: GABA synthesis and GABA vesicular transporters
Glutamic acid decarboxylase (GAD) is the enzyme that catalyzes the reaction converting glutamic acid into GABA and represents the rate-limiting step in GABA synthesis (for reviews see Buddhala et al., 2009; Kaufman et al., 1991) . Two distinct isoforms of GAD (i.e., GAD 65 and GAD 67 ), both found within the SCN, are encoded by two different genes and differ in sequence, molecular weight, and subcellular distribution. These isoforms of GAD regulate GABA synthesis thus influencing the cellular and vesicular content of GABA (Soghomonian and Martin, 1998; Engel et al., 2001 ). Studies employing knockout mice indicate that deletion of the GAD 67 gene reduces basal levels of GABA in the brain by over 90%, while deletion of the GAD 65 gene does not reduce GABA levels (Asada et al., 1996 (Asada et al., , 1997 Condie et al., 1997) . Activity dependent increases in GAD 67 lead to increased GABA synthesis, while reduction in activity reduces GABA levels, likely through down regulation of GAD 67 (Soghomonian and Martin, 1998; Freichel et al., 2006) . Although the regulation of GABA synthesis is not fully understood, GAD 67 appears to provide the resting levels of GABA for tonic release, whereas activation of GAD 65 synthesizes GABA at the synapse for phasic release during times of elevated synaptic activity (Tian et al., 1999; Patel et al., 2006) .
Using an antibody against both GAD 65 and GAD 67 (GAD 65, 67 ), an immunohistochemical study examined where these enzymes are localized in the SCN in tissue obtained from rats during the light phase of the LD cycle (Belenky et al., 2008) . GAD 65,67 immunoreactivity is found at high levels in the ventral region and in particular in association with VIP immunoreactive neurons and projections. Lower levels of immunoreactivity are found in the dorsal SCN. Measurements of GAD activity and GABA content within dissections of the rat SCN are highly correlated; rhythms in GAD activity and GABA content peak during the early night (Aguilar-Roblero et al., 1993) . The rhythm in GABA content can persist in constant conditions for at least three days. SCN levels of GAD 65 mRNA, but not GAD 67 mRNA have a 24 h rhythm that peaks during the light phase . Cellular analysis reveals that GAD 65 mRNA is rhythmic in the dorsal SCN but not the ventral SCN. It appears that this rhythm of GAD 65 mRNA can persist for at least one day in constant darkness but becomes arrhythmic within nine days in constant darkness Cagampang et al., 1996) . Taken together, these data suggest that the highest level of GAD 65 occurs in the dorsal and not the ventral SCN during the late light phase and early dark phase, resulting in peak GAD activity and synaptic GABA during this phase of the cycle. Interestingly, peak spontaneous inhibitory postsynaptic currents (sIPSCs) in the dorsal but not the ventral SCN also occur during the late light phase and early dark phase, which would be consistent with GAD 65 -induced GABA synthesis during this time of elevated synaptic activity (Itri et al., 2004 ) (see Section 5.4).
GABA vesicular transporters (VGATs) are responsible for the transport of both GABA as well as the neurotransmitter glycine into synaptic vesicles (McIntire et al., 1997; Gasnier, 2004) . Due to the ability of VGAT to package both major inhibitory neurotransmitters, these transporters are also referred to as vesicular inhibitory amino acid transporters (VIAAT) (Sagne et al., 1997) . The VGAT/ VIAAT transporter is a member of the amino acid/polyamine/ organocation superfamily and is expressed in GABAergic and glycinergic nerve terminals (Chaudhry et al., 1998; Dumoulin et al., 1999; Takamori et al., 2000) . VGAT plays an important functional role in GABAergic synaptic transmission by regulating the loading of GABA into synaptic vesicles. For example, reductions in vesicle loading of GABA leads to reductions in the amplitude and frequency of GABA A receptor-mediated currents, suggesting a reduction in pre-and post-synaptic activation of GABA receptors (Riazanski et al., 2011) .
VGATs are expressed in both the ventral and dorsal regions of the SCN, and like GAD, are expressed more highly in VIPcontaining neurons of the ventral SCN than in AVP-containing neurons of the dorsal SCN in rats and mice examined in tissue obtained during the early light phase of the LD cycle (Castel and Morris, 2000; Belenky et al., 2008) . At the subcellular level, VGATs are found extensively in both neuronal cell bodies as well as in axon terminals in the ventral SCN. Double labeling for VGATs and VIP were identified in some neurons. It is not known if VGAT occurs rhythmically in the SCN. In whole mouse brain the levels of VGAT protein do not vary over the LD cycle, although protein levels are significantly higher in mice housed in LD cycles than in mice housed in constant darkness (Darna et al., 2009) . Given that GAD and VGAT are functionally coupled and that the rhythms in GAD mRNA seen in animals entrained to LD cycles appear to damp out in constant darkness, it is possible that both may be regulated at the transcriptional level in the SCN by photic stimuli (Jin et al., 2003; Huhman et al., 1999; Darna et al., 2009) .
In summary, GAD and VGAT are essential for the formation of releasable GABA. GAD is found at higher levels in the ventral than in the dorsal SCN, at least during the day. GAD 65 mRNA is rhythmic in the dorsal SCN but not the ventral SCN with the highest levels occurring in the light phase. There appears to be a 24-h rhythm in GABA synthesis and content in the SCN that peaks during the early night. Neither GABA synthesis nor the transport of GABA into vesicles appear to be under strong circadian control but rather seem to be regulated by environmental lighting conditions.
Membrane GABA transporters (GATs)
GATs are high affinity membrane proteins that are members of the solute carrier superfamily 6 (SLC6) (Gadea and Lopez-Colome, 2001; Minelli et al., 1996; Durkin et al., 1995; Conti et al., 2011) . GATs use Na + and Cl À gradients to cotransport GABA across cell membranes (Kristensen et al., 2011) into neurons and astrocytes from the extracellular space (for reviews see Iversen and Neal, 1968; Zhou and Danbolt, 2013) (Fig. 4 ). Because there is no known extracellular metabolism of GABA, GATs provide the primary mechanism for terminating GABA's actions in synaptic and extrasynaptic regions. The rapid reuptake of GABA via GATs is also thought to provide a barrier separating the effects of GABA at synaptic regions from GABA's effects in the extrasynaptic space (Yoon and Lee, 2014) . Four SLC6 transporters have been identified for GABA (GAT-1, GAT-2, GAT-3, and BGT-1). Although all four types are found in the CNS, they are expressed differentially across brain regions and cell types (Gadea and Lopez-Colome, 2001; Moldavan et al., 2015) . The most important transporters in the brain are GAT-1 and GAT-3 (Zhou and Danbolt, 2013; Zhou et al., 2012) . GAT-1 is found on astrocytic processes as well as on some neurons, and can regulate both phasic and tonic GABA neurotransmission (Ribak et al., 1996; Jensen et al., 2003; Bragina et al., 2008 ). In contrast, GAT-3 may be localized exclusively on astrocytes (Minelli et al., 1996; Clark et al., 1992) . Pharmacological inhibition of GAT-3, in many of the same regions in which GAT-1 mechanisms have been explored, increases tonic GABA inhibition and extracellular concentrations of GABA (Kersante et al., 2013; Jin et al., 2011) .
Another important function of astrocytic GATs is the release of neuroactive substances or ''gliotransmitters" into the extracellular space (Petrelli and Bezzi, 2016) . Gliotransmitters are released from astrocytes when the actions of GATs are reversed, causing an extrusion instead of an uptake of neuroactive substances. Elevations of Ca 2+ within astrocytes may also release gliotransmitters, although this possibility is highly controversial (Bazargani and Attwell, 2016) . GABA is one of the gliotransmitters that can be released by the reverse action of GATs. This form of GABA release can occur during some pathological states, but also during normal physiological processes (Richerson and Wu, 2003; Yoon and Lee, 2014) . As such, the actions of GATs are complex in that they can both remove GABA from, and release GABA into, extracellular spaces. These interactions between neurons and astrocytes have led to the idea that synapses can be ''tripartite," in that their functional activity is dependent upon the actions of three elements: (1) neuronal presynaptic terminals, (2) neuronal postsynaptic membranes, and (3) astrocytic GATs driving both reuptake and release (Fig. 4 ) (Araque et al., 1999 (Araque et al., , 2014 . In fact, the concept of tripartite functional interactions between neurons and astrocytes likely modulates non-synaptic neurotransmission, such as volume transmission, as well as synaptic GABA neurotransmission. Immunohistochemical studies have found GAT-1 and GAT-3 to be distributed evenly throughout the major subdivisions of the SCN. Interestingly, their distribution is not highly correlated with the distribution of glial fibrillary acidic protein (GFAP), an essential element within the cytoskeleton of astrocytes (Moldavan et al., 2015) . GAT-1-and GAT-3-immunoreactivity has not been identified in SCN neurons but rather in a substantial number of SCN astrocytes (Fig. 4) . GAT-1 and GAT-3 appear to be localized in astrocytic processes in extrasynaptic and not synaptic areas around SCN neurons. Neither GAT-1 nor GAT-3 appear to change rhythmically over the day when measured in rats housed in a 24 h LD cycle. There is evidence however, although controversial, that neuroglial synaptic arrangements change rhythmically over the day in the SCN (Elliott and Nunez, 1994; Girardet et al., 2010) .
At present, little is known about the specific roles of GATs within the SCN in circadian timekeeping. Administration of the general GAT inhibitors nipecotic acid and riluzole increases AVP in SCN slice preparations several hours after their administration (Isobe and Nishino, 1997) . Inhibition of GABA transporters with nipecotic acid in rat hypothalamic slices, results in the activation of GABA B receptors, producing an inhibition of glutamate release from RHT terminals in the ventral SCN (Moldavan and Allen, 2013) . Thus, it appears that inhibition of GATs can increase ambient GABA levels in the SCN (see Sections 5.5 and 9.2.3). It seems likely, however, that the role of GATs in determining the levels of extracellular GABA is far more extensive. GATs likely have a substantial role in determining the strength and mode of GABAergic neurotransmission in the SCN by both removing GABA from and releasing GABA into the extracellular space (Moldavan et al., 2015) .
Extracellular levels of GABA within the SCN
As discussed above, the processes that release GABA and remove GABA from the extracellular space determine the extracellular levels of GABA at specific circadian phases and within specific regions of the SCN. When considering the pattern of GABA release within the SCN, it is important to remember that a major source of GABA is the large number of GABAergic synaptic terminals found in the SCN, and that these terminals come from neuronal cell bodies arising from different subdivisions within the SCN as well as from neuronal cell bodies from a variety of sites outside the SCN. Although extracellular concentrations of GABA in the low nanomolar range have been measured in the SCN, it has not yet been feasible to measure the patterns of extracellular GABA in the SCN across the 24-h day . It does seem likely that terminals coming from extra-SCN sites contribute to extracellular levels of GABA in the SCN, given that electrical stimulation of extra-SCN sites can induce IPSPs in a large percentage of SCN neurons ( Kim and Dudek, 1992) . The factors that regulate the release of GABA from extra-SCN sites, however, are largely unknown. Of the three major afferent projections to the SCN only the GHT contains GABA, but the pattern of GABA release from this pathway is also not known.
Distinct subpopulations of GABA containing terminals within the SCN may display different patterns of synaptic GABA release. Given the higher firing rate of SCN neurons during the day, it would be predicted that the spontaneous synaptic release of GABA would be higher during the day than during the night. It is also likely that non-synaptically released GABA from neurons and/or astrocytes contributes to extracellular levels of GABA. Therefore, the extracellular concentrations of GABA could result from a constitutive presence of GABA in the extracellular space as well as more punctuated and pronounced local release of GABA from synaptic terminals. Indeed, it has been hypothesized that a tonic release of GABA via non-synaptic mechanisms modulates excitability levels in the SCN by their action on GABA A -TONIC receptors (Wagner et al., 2001 ). An important role of relatively low levels of tonically released GABA is also suggested by the low levels of desensitization of GABA A -TONIC receptors, and the possibility that even small quantities of GABA from densely packed SCN neurons may substantially increase the levels of extracellular GABA.
GABA-induced currents within the SCN
One approach that has been used to investigate the endogenous pattern of GABA release within the SCN is to measure GABA A -mediated neurotransmission using the hypothalamic slice preparation. Of course this approach limits the analysis to GABA released from cells left intact within the slice preparation itself. Spontaneous GABA A mediated currents have been observed in most SCN neurons using whole-cell, patch clamp recordings (Jiang et al., 1997a; Strecker et al., 1997; Kim and Dudek, 1992) . Because this technique relies on the intracellular pipette Cl À concentration, it can be difficult to determine whether observed events are excitatory or inhibitory, although a clear role for GABA in mediating these currents is indicated by their inhibition by GABA antagonists (e.g., bicuculline). In mice housed in a 12:12 LD cycle prior to slice preparation, the frequency of fast sIPSCs is consistently higher in the dorsal SCN than in the ventral SCN. In addition, there is a rhythm in GABA Ainduced sIPSCs in the dorsal SCN that peaks in the late subjective day and early subjective night (Itri et al., 2004; Itri and Colwell, 2003) (Fig. 6) . The rhythm is dependent on synaptic activity because it can be blocked by tetrodotoxin (TTX) administration, which inhibits Na + -dependent action potentials. In contrast, no rhythm is observed in GABA A -induced IPSCs in the ventral SCN. As discussed earlier, these data correspond well with the peak of GABA synthesis that occurs during the late day and early night in the dorsal SCN (see Section 5.1).
This rhythm of GABA A -induced currents appears to depend on activation of VIP VPAC 2 receptors. No 24-h rhythms in GABA Ainduced IPSCs are observed in slices prepared from VIP/PHIdeficient mice or in VPAC 2 receptor antagonist-treated slices obtained from wild-type mice. In addition, administration of VIP within the slice significantly increases GABA A -induced IPSCs, an effect that can be blocked by a VPAC 2 receptor antagonist. Consistent with the hypothesis that synaptically released VIP induces the rhythm in GABA A -induced IPSCs is the finding that VIP is synaptically released in the SCN during the middle of the light period in hamsters entrained to a LD cycle (Francl et al., 2010a (Francl et al., , 2010b . Further support for this hypothesis comes from the finding that VIP neurons in the SCN have a higher repetitive firing rate during the second half of the light period than at night in slices prepared from mice previously entrained to a LD cycle (Hermanstyne et al., 2016) . Thus, there is strong support for the hypothesis that the rhythmicity in GABA A -induced currents, observed in the dorsal SCN, is mediated by rhythmic activation of VPAC 2 receptors by VIP during the late day and early night.
In mice housed in constant darkness for four days prior to slice preparation, the pattern of GABA A mediated IPSCs changes from that seen in mice previously housed in LD cycles (Itri et al., 2004) . GABA A -mediated currents are enhanced not only during the early subjective night but also during the mid subjective day. Later in the subjective night, however, GABA A IPSCs are significantly lower. Therefore, day-night differences persist for at least four days in constant darkness, and these currents are enhanced for a much larger proportion of the circadian cycle in constant darkness than in LD. Induction of high levels of GABA A -mediated currents requires VIP/PHI because they are absent in VIP/PHIdeficient mice. It will be important to determine whether the persistent rhythmicity in GABA A mediated currents seen in constant darkness represents a damped rhythm like that seen for GAD 65 mRNA, because rhythms in extracellular levels of VIP in the SCN rapidly damp out in constant darkness, at least in hamsters (Francl et al., 2010a (Francl et al., , 2010b .
Antagonism of extracellular GABA within the SCN
GABA found in extracellular space can come from synaptic, extrasynaptic or glial release. One approach to investigating the temporal pattern of GABA levels present in the extracellular space is to examine when GABA antagonists are capable of altering the firing of SCN neurons. Presumably, alterations in neuronal firing would result from the antagonist blocking the actions of endogenous levels of extracellular GABA. As discussed below, GABA has predominantly inhibitory effects in the SCN; however, there are conflicting views as to whether GABA can also have excitatory effects on some neurons (see Section 7). Similarly, there are conflicting reports on whether GABA antagonists consistently increase firing (as they would if GABA is exclusively inhibitory) or whether GABA antagonists can reduce firing in some cases (as they would if GABA had excitatory effects on some SCN neurons). For the purposes of the present discussion we will ignore whether GABA antagonists increase or decrease firing for the moment to see if there are consistencies across studies regarding when and where GABA antagonists alter SCN firing rates.
Multiple unit recordings from the hypothalamic slice have found that administration of the GABA A antagonist bicuculline significantly alters spontaneous firing within the SCN during the day and during the night (Gribkoff et al., 1999 (Gribkoff et al., , 2003 Albus et al., 2005) . GABA A antagonism alters the firing rate of SCN neurons in the ventral core and the dorsal shell, even when the ventral core and dorsal shell are surgically separated (Albus et al., 2005) . In contrast, GABA B antagonism does not alter spontaneous activity in the SCN at any time point (Gribkoff et al., 2003) . Studies employing single unit recordings have also shown that bicuculline alters the firing rate of SCN neurons Choi et al., 2008) . Evaluation of the effects of bicuculline on the firing recorded from a large number of SCN single units reveals that about 45% do not alter their firing rate in response to bicuculline, and that there does not appear to be a substantial difference in the percentage of units responding during the day versus the night (Choi et al., 2008) . The same investigators also employed gramicidin-perforated patch clamp recordings, which do not perturb intracellular ionic concentrations, to show that bicuculline completely blocks GABA A R mediated spontaneous IPSPs and EPSPs. Other studies using gramicidinperforated patch-clamp recordings found that bicuculline has a robust effect on neuronal firing during the day (Gribkoff et al., 1999; De Jeu and Pennartz, 2002) . At night, however, the effects of bicuculline on neuronal firing are more limited and more variable.
In vivo studies in hamsters housed in constant darkness for at least a week suggest that there is a circadian rhythm in extracellular GABA in the SCN. Antagonism of either GABA A or GABA B receptors in the SCN prior to a light pulse provided at circadian time (CT) 13.5, but not at CT 19, significantly increases the phase shifting effects of light, suggesting that extracellular GABA is present at CT 13.5 but not CT 19 (Gillespie et al., 1996 . Thus, this indirect evidence suggests that GABA is high during the early, but not late subjective night. One possible explanation for the presence of extracellular GABA at CT 13.5 but not CT 19 involves the combined activity of GABAergic SCN neurons, extra-SCN inputs to the SCN, and GABA uptake mechanisms (Moldavan and Allen, 2013) . Because the firing frequency of SCN neurons is substantially higher during the day, synaptic GABA release and spillover may be higher during the day, and early night (e.g., CT 13.5), than during the late night (e.g., CT 19) (Green and Gillette, 1982; Jobst and Allen, 2002; Meijer et al., 1998; Montgomery et al., 2013 ). Because of the higher level of GABA release during the day/early night, this endogenous GABA increases the inhibition of release from RHT terminals. Antagonism of GABA B receptors increases evoked postsynaptic current amplitude and increases the magnitude of light-induced phase delays (Moldavan and Allen, 2013) . Nevertheless, because of strong GABA uptake mechanisms, the endogenous extracellular GABA around RHT terminals remains less than maximal and, as a result, the GABA B agonist baclofen enhances presynaptic inhibition of RHT terminals and reduces light-induced phase delays.
In summary, several different indirect measures of spontaneous GABA levels in the SCN suggest that extracellular levels of GABA can be found during both the day and night, but most prominently during the late day and early night in animals housed in LD cycles. Some of these measures of spontaneous GABA levels suggest that these rhythms damp out in constant conditions (e.g., GAD 65 mRNA levels) while other measures suggest they persist (e.g., GABAmediated currents). It will be important to more clearly define the pattern of extracellular GABA levels both in animals entrained to LD cycles and free-running in constant conditions.
Excitatory and inhibitory effects of GABA: role of cation Cl
While GABA is widely recognized as the primary inhibitory neurotransmitter in the adult brain, GABA acts primarily as an excitatory neurotransmitter during early development (for a review see Ben Ari et al., 2012) . The transition from GABA's depolarizing effects to its hyperpolarizing effects appears to occur around the second postnatal week in rodents (Owens and Kriegstein, 2002; Kilb, 2012) . Studies in the SCN are consistent with this timeframe, in that GABA primarily elevates intracellular Ca 2+ through approximately postnatal day 10 and subsequently reduces intracellular Ca 2+ in most SCN neurons (Obrietan and van den Pol, 1995; Ikeda et al., 2003 and depolarization of the membrane potential (Fig. 7) . Although the SCN was among the first brain regions in which GABA was reported to have excitatory effects in adults, excitatory effects of GABA have also been seen in other brain regions (e.g., Haam et al., 2012) . Although ion trafficking across membranes is the basis of electrical signaling and depends upon both ion channels and ion transporters, channels have been studied extensively while comparatively little attention has been paid to transporters (for reviews see Blaesse et al., 2009; Benarroch, 2013 (Benarroch, 2013) . Detailed anatomical studies reveal that NKCC1 and KCC1-4 are found in the SCN (Kanaka et al., 2001; Belenky et al., 2008 Belenky et al., , 2010 . KCC2 can be colocalized with VIP and GRP neurons within the ventral SCN, and is often closely associated with RHT and GHT input. KCC2 is not expressed in the dorsal SCN or in AVP neurons. Similarly, KCC1 is also found prominently in the ventral SCN but rarely in the dorsal SCN. In contrast, KCC3 is expressed primarily in cell bodies and KCC4 in cell bodies and dendrites of AVP neurons. The relative roles of KCC1-4 in mediating the removal of Cl À from within SCN neurons is not known; however, there is evidence that KCC2 has higher cation affinity than KCC1, 3, or 4 (Mercado et al., 2006) . In the SCN, NKCC1 can be found in AVP, VIP, and GRP containing neurons. In rats and mice, NKCC1 expression is significantly higher during the night than during the day in the dorsal, but not the ventral SCN (Choi et al., 2008; Myung et al., 2015) . In mice, for example, NKCC1 protein measurements in dissections of the SCN are two-fold higher in the dorsal SCN during the night (i.e., 4 h after lights off) as compared to during the day (i.e., 4 h after lights on) (Choi et al., 2008) . . Mechanisms underlying the excitatory and inhibitory effects of GABA on neuronal activity. In neurons that are depolarized and thus excited by GABA, NKCC1 transporters are more abundant than KCC2 transporters, resulting in higher levels of intracellular chloride (Cl À ) than extracellular Cl À (left, top). Upon GABA A channel opening, the efflux of negatively charged Cl À ions produces depolarization of the neuron (left, bottom). In neurons that are hyperpolarized and thus inhibited by GABA, KCC2
transporters are more abundant than NKCC1 transporters resulting in lower Cl À in the neuron relative to Cl À outside the neuron (right, top). Upon GABA A channel opening, negatively charged Cl À ions entering the neuron cause hyperpolarization of the neuron (right, bottom).
In summary, given the importance of ion trafficking in electrical signaling, CCCs play an important role in determining the electrical activity of SCN neurons by establishing Cl À gradients, which in turn determine whether GABA's effects are inhibitory or excitatory. The Cl À exporter KCC2 is found primarily in the ventral SCN in association with VIP and GRP neurons. Although the Cl À importer NKCC1
is found in VIP and GRP neurons in the ventral SCN, it appears to be expressed in substantially higher levels in AVP neurons within the dorsal SCN. Therefore, GABA may be more excitatory to more neurons in the dorsal SCN than in the ventral SCN. It remains important, however, to identify the ratio of Cl À importers to Cl À exporters to define the polarity of the response to GABA. Because CCCs play a critical role in determining the polarity of the response to GABA, understanding their functions in the SCN will become increasingly important as the potential circadian functions of the ratio of GABA inhibition:excitation are more clearly defined.
Cellular responses to GABA within the SCN
Studies of the cellular actions of GABA have examined the response of SCN neurons to GABA as well as to selective GABA Aand GABA B -active drugs (Tables 3-5 ). The results of these studies are complex, and as yet no clear consensus of the cellular actions of GABA within the SCN has been reached. At least some of the differences in the results among studies may be due to the use of different techniques to administer GABA as well as differences in the methods used to record the cellular responses to GABA and GABAactive drugs. GABA's role in the SCN at the cellular level has been investigated primarily using in vitro preparations employing a variety of electrophysiological techniques (e.g., multiple unit recordings, patch clamp, etc.), measurements of intracellular Ca 2+ concentrations, and the mRNA and protein products of a variety of different genes. In most cases, these studies have examined the acute but not the sustained changes in cellular activity in response to manipulation of GABA in the SCN.
Cellular effects of GABA on neuronal activity during early development
Studies of the effects of GABA administration on SCN neuronal firing early in development have been limited. In one study where dissociated SCN cells were obtained from postnatal day (PD) 0-3 rats and then recorded for periods ranging from PD19-34, GABA administration for 1 or 6 h completely inhibited all neuronal firing (Liu and Reppert, 2000) . In contrast, in another study where dissociated SCN cells were obtained from PD4 rats and then recorded between PD4-109, the response to bicuculline suggested that the firing of a majority of SCN neurons is inhibited by GABA, although direct GABA application excited 20-40% of the neurons . In dispersed cell culture, the GABA B agonist baclofen produces exclusively inhibitory effects on SCN neurons and does so during the day and night ( Liu and Reppert, 2000) . Interestingly, activation of GABA B receptors reduces GABA release from the terminals of cultured SCN neurons (Chen and van den Pol, 1998) .
Cellular effects of GABA on SCN neuronal activity in adults
The effects of GABA and its agonists and antagonists on the cellular activity of SCN neurons have been studied extensively for more than 30 years using a variety of techniques. The vast majority of data indicate that application of GABA within the adult SCN in vitro produces primarily inhibitory responses throughout the nucleus during the day and during the night (Fig. 8, Table 3 ). In fact, some investigators report GABA produces exclusively or nearly exclusively inhibitory effects within the SCN . Nevertheless, a number of other studies report that GABA can produce excitatory effects in at least some neurons Choi et al., 2008; Wagner et al., 1997; De Jeu and Pennartz, 2002; Freeman et al., 2013) , and that GABA can also produce an initial increase in firing followed by a decrease in firing in still other neurons (Shibata et al., 1983; Choi et al., 2008) . Another area of controversy is whether GABA has different effects on SCN neurons during different phases of the circadian cycle. The firing rate of SCN neurons is collectively higher during the subjective day than during the subjective night. In some studies, no differences are observed in the effects of GABA administered during the subjective day versus the subjective night Liou and Albers, 1991; Gribkoff et al., 1999 Gribkoff et al., , 2003 . Other investigators, however, report GABA to be excitatory during the subjective day in a substantial number of SCN neurons (Wagner et al., 1997 (Wagner et al., , 2001 , while yet others report that GABA can be excitatory during certain times of subjective night (De Jeu and Pennartz, 2002) . Some studies have found that GABA has similar effects throughout the SCN Farajnia et al., 2014; Shibata et al., 1983; . The most comprehensive study of the effects of GABA on SCN neuronal firing (i.e., 786 neurons) found that GABA produces excitation in some neurons in both the dorsal and ventral SCN, but that the excitatory effects of GABA were most common in the dorsal SCN at night (Choi et al., 2008) .
Like GABA, the GABA A agonist muscimol produces inhibition or excitation followed by inhibition in the hypothalamic slice preparation and dispersed cell culture Tominaga et al., 1994; Liu and Reppert, 2000) (Table 4 ). The response to GABA is inhibited by the GABA A antagonist bicuculline in many SCN neurons Shibata et al., 1983; De Jeu and Pennartz, 2002; Wagner et al., 1997) (Table 5) . In some studies, bicuculline has been reported to produce only excitatory responses Gribkoff et al., 1999) , while in others, bicuculline produces both excitation and inhibition Wagner et al., 1997; De Jeu and Pennartz, 2002; Albus et al., 2005) . The effects of bicuculline have also been reported to be phase dependent (De Jeu and Pennartz, 2002; Albus et al., 2005) . The GABA B agonist baclofen administered in the hypothalamic slice preparation produces exclusively inhibitory effects on SCN neurons during both day and night, although its potency is greater at night (Gribkoff et al., 2003; .
Effects of GABA on intracellular Ca 2+ concentrations
Another approach to studying the cellular effects of GABA in the adult SCN has been to determine how GABA influences intracellular Ca 2+ concentrations using Ca 2+ imaging techniques (Choi et al., 2008; Irwin and Allen, 2009 GABA (bath application) During the day GABA excited 71%, inhibited 16% and had no effect on 13%; during the night GABA excited 32%, inhibited 56% and had no effect on 12%; GABA increased the membrane conductance up to nine-fold throughout the day Gribkoff et al. levels. Activation of GABA B receptors with baclofen in the slice consistently reduces Ca 2+ levels in SCN neurons (Irwin and Allen, 2009 ) suggesting that activation of GABA B receptors consistently results in inhibition.
GABA and the Cl À equilibrium potential
Another approach to investigating the prevalence of the excitatory and inhibitory effects of GABA has been to evaluate the Cl À equilibrium potential in the SCN. The studies described above have examined the effects of GABA on the firing patterns of SCN neurons. However, it has been argued that analysis of the Cl À equilibrium potential may be a purer and more accurate approach to examining the inhibitory/excitatory effects of GABA (Alamilla et al., 2014) . The spatial and temporal patterns of the Cl À equilibrium potential in SCN neurons has been examined using both perforated patch clamp and whole patch clamp experiments (Alamilla et al., 2014 
Factors regulating the polarity of the cellular response to GABA
As discussed above, the actions of CCCs are critical in determining whether GABA is hyperpolarizing or depolarizing in the immature and mature brain. The NKCC1 inhibitor bumetanide administered in the hypothalamic slice can significantly alter the response of SCN neurons to GABA (Choi et al., 2008; Irwin and Allen, 2009 ). GABA can produce inhibitory, excitatory, or excitatory followed by inhibitory responses in SCN neurons (Table 3) . Bumetanide potently inhibits excitatory responses to GABA in the neurons displaying exclusively excitatory responses to GABA. In SCN neurons where GABA has biphasic effects, bumetanide eliminates the excitatory portion of the responses and enhances the inhibitory responses. Administration of bumetanide onto the slice also blocks GABA-induced increases in Ca 2+ and magnifies GABA-induced reductions in Ca 2+ (Irwin and Allen, 2009 ). When taken together with the anatomical data showing greater NKCC1 protein in the dorsal SCN (see Section 6), these data support the proposition that enhanced activity of NKCC1 cotransporters underlies the excitatory effects of GABA found in a substantial portion of dorsal SCN neurons during the night. Interestingly, a recent study in mice found that the percentage of excitatory and inhibitory responses to GABA in the SCN can be altered by the length of the photoperiod during prior entrainment; the longer the photoperiod, the more excitatory responses to GABA (Farajnia et al., 2014 excitatory effects are blocked by the NKCC1 inhibitor bumetanide. These dramatic photoperiod-induced changes in the excitatory versus inhibitory effects of GABA within the SCN have led to the hypothesis that this ratio may be involved in encoding seasonal changes in photoperiod length and thus may be instrumental in photoperiodism Farajnia et al., 2014) . It is also interesting to consider what role the ratio of GABA-induced excitation:inhibition might have on circadian pacemaker function in the SCN. Because circadian rhythmicity can be easily entrained to LD cycles with very short or very long photoperiods, it seems unlikely that specific ratios of GABA-induced excitation:inhibition are necessary for light to phase shift the pacemaker. Therefore, the polarity of the response to GABA within the SCN may have a modulatory role on entrainment. Indeed, the magnitude of light-induced phase delays and advances is enhanced in short-day housed animals when compared to animals housed in longer photoperiods (e.g., 14 or 18 h of light per day) (Evans et al., 2004; Pittendrigh et al., 1984) . Taken together, these data suggest the hypothesis that the lower the ratio of GABA-induced excitation:inhibition, the more responsive the pacemaker is to the phase shifting effects of photic stimuli during the night. In contrast, prior entrainment to photoperiods of different lengths does not alter the phase shifting response to non-photic stimuli (Evans et al., 2004) . Therefore, it can be speculated that the mechanisms underlying the induction of phase shifts by non-photic stimuli are not influenced by the ratio of GABA-induced excitation:inhibition.
Summary of the cellular effects of GABA within the SCN
The cellular effects of GABA have been highly inconsistent across studies, even in those using nearly identical techniques.
The reasons for these inconsistencies are not known. One possibility relates to the effectiveness of different techniques to identify GABA-induced excitation in a large population of cells where GABA is predominately inhibitory. For example, multiple unit recordings might miss a small number of excitatory responses because this technique records the activity of populations of neurons rather than the responses of single cells. This explanation, however, seems unlikely because, although some studies using multiple unit recordings have found GABA to be exclusively inhibitory, others indicate GABA can have substantial excitatory actions (Gribkoff et al., 1999; Albus et al., 2005) . Other explanations related to technical differences in the studies have also been advanced. For example, it has been suggested that in studies employing whole cell, patch clamp, excitatory responses to GABA may have been masked by the use of high Cl À concentrations, thereby enforcing inwardly directed Cl À currents (Wagner et al., 1997) . Another suggestion is that the excitatory effects of GABA might be masked by a depolarizing shunting that prevents repolarization and recurrent action potentials, and is thus undetectable by multiple unit and cellattached recordings (De Jeu and Pennartz, 2002) . Using perforated-patch recordings, however, where the intracellular contents remain relatively intact membrane potential and input resistance can be determined without altering the intracellular contents, the effects of GABA were also inconsistent (De Jeu and Pennartz, 2002; Gribkoff et al., 1999) . Another potential contributing factor may relate to the difficulties in defining responses as excitatory when they reflect post-inhibitory rebound (Slat et al., 2013) . Finally, as can be seen in Tables 3-5 , it is unlikely that differences in the frequency of GABA inhibition:excitation observed across studies can be accounted for by differences in the duration of the photoperiods used in these studies. Investigation of the excitatory effects of GABA in the SCN has generated substantial research and controversy. While substantial discrepancies remain in the literature, perhaps the most parsimonious interpretation of the cellular effects of GABA in the SCN is that GABA is predominately inhibitory throughout the SCN during the day; however, at night GABA remains predominately inhibitory in the ventral core but can have substantial excitatory effects in the dorsal shell. The recent finding of large differences in the ratio of GABA-induced excitation:inhibition in the SCN of mice housed in different photoperiods suggests the polarity of the GABA response could have a modulatory effect on the mechanisms responsible for light-induced phase shifting within the SCN. In stark contrast to the inconsistencies reported in activation of GABA A receptors, activation of GABA B receptors consistently produces inhibition in SCN neurons.
Role of GABA in the coupling of circadian clock cells into a circadian pacemaker in the SCN
Cells in the SCN exhibit a synchronized circadian rhythm in spontaneous neural activity in vivo (Inouye and Kawamura, 1979) . Although individual SCN neurons can retain the ability to generate rhythms of around 24 h even when isolated in culture, these neurons are out of phase with each other and display circadian periods ranging from 20 to 28 h (Welsh et al., 1995; Honma et al., 1998; Herzog et al., 1998) . SCN clock cells do not appear to be a specialized or an anatomically localized class of cells and, in fact, many cultured SCN neurons do not display intrinsic rhythmicity (Webb et al., 2009) . Because the pacemaker is comprised of multiple clock cells with different free-running periods, the activity of these cells must be coordinated or coupled so that they ).
function as a pacemaker and produce coherent circadian output signals. Theoretically, one clock cell could couple all other clock cells forcing them to adopt its free-running period, much as the LD cycle entrains the circadian pacemaker. It is more likely, however, that individual clock cells with different free-running periods influence each other via mutual coupling. Mutual coupling is mediated by the ability of clock cells to phase shift other clock cells so that a stable pacemaker with a compromise period is formed. The stronger the coupling or phase shifting signal of a clock cell, the more influence it has on other clock cells and the closer the compromise period is to its own free-running period. Despite this simple concept of mutual coupling, the neurobiological mechanisms that underlie the mutual coupling of thousands of cells, as is thought to occur in the SCN, are not well understood.
Coupling of individual clock cells
One significant question yet to be resolved is whether synaptic activity is required for the coupling of individual clock cells into a functional pacemaker in the SCN. There are several lines of evidence that synaptic activity may not be required for the generation of synchronized molecular circadian rhythms within the SCN Bouskila and Dudek, 1993; Honma et al., 2000; Yamaguchi et al., 2003; Reppert and Schwartz, 1984; Schwartz, 1991) . One important approach to studying SCN synaptic activity has been the use of TTX, because it is a reversible blocker of voltage-dependent Na + channels that inhibits action potentials without altering resting membrane potential, K + currents, the Na + pump, or the ability of postsynaptic membranes to depolarize (Kao, 1966) . In support of the hypothesis that synaptic activity is not required for the coupling of SCN clock cells is the finding that infusion of TTX into the SCN continuously for 14 days does not significantly reduce its timekeeping ability (Schwartz et al., 1987) . Not only does the pacemaker keep ticking in the absence of action potentials, the absence of synaptic activity over this period has little to no effect on its period. Further, if synaptic activity is responsible for the coupling of clock cells then its complete inhibition for even short periods of time might be expected to perturb the driven rhythms (e.g., induce a phase shift). Administration of TTX does not, however, alter circadian phase or induce Per1 clock gene activation; although it does prevent the phase shifting effects produced by increasing the firing rate of SCN neurons and the spread of Per1 activation to AVP-expressing cells after a phase shifting pulse of GRP (Shibata and Moore, 1993; Earnest et al., 1991; Huhman et al., 1997; Gamble et al., 2007; Jones et al., 2015) . In contrast, recent studies monitoring the rhythmicity of cultured SCN neurons using bioluminescence reporters have found that application of TTX reduces the synchrony of SCN clock cells when applied for 5-7 days, and that removal of TTX restores the synchrony across cells (Yamaguchi et al., 2003; Webb et al., 2009; Evans et al., 2013) . These data suggest that synaptic activity plays a critical role in the coupling of clock cells. At present, it is hard to reconcile the differences in the effects of TTX on the coupling of SCN clock cells from in vivo and in vitro studies. One interesting possibility comes from the work of Webb et al., 2009 . These investigators propose that network interactions serve to stabilize noisy oscillations, such that larger networks exhibit a more stable circadian oscillation that is resistant to disruption (Webb et al., 2009) . Perhaps the substantially larger network present in the intact circadian system (composed of SCN and possibly extra-SCN oscillators) provides more stability than can be achieved in reduced preparations such as cultures or hypothalamic slices. Inhibition of synaptic activity might be predicted to reduce synchrony in smaller, less stable networks like SCN cultures, but to have little effect on the larger more robust circadian networks of intact animals. If synaptic activity has only a minor role in the coupling of clock cells, then it will be important to identify the non-synaptic forms of communication that are involved. There are several ways that SCN neurons could be coupled nonsynaptically. Individual SCN neurons could communicate nonsynaptically through electrotonic potentials. Electrotonic potentials rely on gap junctions that produce direct connections between SCN neurons (Jiang et al., 1997b; Colwell, 2000; Shirakawa et al., 2000) . There are, however, relatively few gap junctions in the SCN, and thus would likely provide only a relatively weak mechanism for the coupling of SCN clock cells. Further, carbenoxolone, a selective gap-junction blocker, has only minimal effects on Ca 2+ rhythms in the SCN (Enoki et al., 2012) . Nevertheless, genetic loss with the 3rd ventricle (3V) on the left and the optic chiasm (OC) on the bottom. Note that while the number of cells in the day and night are not equal, the relative proportions varied between the day and night (modified from Irwin and Allen (2009) of connexin 36, a critical component in electrotonic potentials, reduces the coherence of free-running circadian locomotor rhythms (Long et al., 2005) . Interestingly, administration of a GABA A agonist significantly reduces the potentials between SCN neurons in a dose-dependent manner, suggesting that activation of GABA A receptors would reduce the synchrony of SCN clock cells (Colwell, 2000; Shinohara et al., 2000) . Another hypothesis is that SCN clock cells are coupled by the activation of GABA A -TONIC receptors resulting from a constitutive release of low levels of GABA from SCN neurons (Wagner et al., 2001) . It was further hypothesized that the excitatory:inhibitory ratio of tonic GABA conductance could vary in a circadian fashion, providing a mechanism for the coupling of clock cells. As discussed earlier, non-synaptic release of neurochemical signals likely occurs in the SCN, and has the potential to mediate the coupling of SCN clock cells.
Neuropeptides are important in the coupling of clock cells in the SCN. Disruption of VIP signaling can reduce the coupling of clock cells and the overall coherence of overt circadian rhythms (for reviews see Harmar et al., 2002; Colwell et al., 2003; Maywood et al., 2006 Maywood et al., , 2007 Aton et al., 2005; Vosko et al., 2007; Ciarleglio et al., 2009) . Although VIP acting on VPAC2 receptors is of substantial importance in neuropeptide coupling of clock cells, GRP and AVP may also play a role (Brown et al., 2005; Maywood et al., 2011) . It will be interesting to determine how VIP mediates this cellular coupling, because only a small percentage of VIP containing cells display rhythmicity in culture, and rhythms of VIP mRNA, protein, release, and receptor number in the SCN are absent in intact animals under free-running conditions (Francl et al., 2010a (Francl et al., , 2010b Zoeller et al., 1992; Shinohara et al., 1993; Ajpru et al., 2002) .
There is evidence that GABA could also contribute to the coupling of cellular clocks within the SCN. Studies of the effects of GABA and GABA agonists on the phase of the circadian rhythm of neuronal firing in individual SCN neurons in culture provide support for this possibility (Liu and Reppert, 2000) . Application of GABA, muscimol, or baclofen to individual SCN neurons acutely inhibits neuronal firing when administered at various phases of the circadian cycle. Longer-term GABA administration provided in pulses of either 1 or 6 h produce phase delays, phase advances, or has no effect on phase depending on when in the circadian cycle GABA is administered. The phase shifting effects of GABA appear to be mediated by GABA A receptors and not GABA B receptors, because muscimol but not baclofen mimics the effects of GABA. Taken together, these data suggest that phase shifts produced by activation of GABA A receptors allows SCN clock cells to become stably synchronized (i.e., mutually coupled).
If GABA receptors play a necessary role in the synchronization of clock cells within the SCN then inhibition of GABA receptors should desynchronize their activity. Long-term inhibition of endogenous GABA activity in the SCN slice, however, does not interfere with the ability of individual neurons to synchronize daily rhythms in clock gene expression, and may actually increase synchrony among SCN neurons (Aton et al., 2006) . That is, PER2:: LUC bioluminescence, a marker of circadian rhythmicity, exhibited by individual neurons within a slice from PER2::LUC mice, continues to occur at a similar time each day following exposure to a cocktail containing both GABA A and GABA B antagonists for 8 days. These data indicate that, although GABA may be capable of phase shifting the activity of dispersed SCN neurons in culture, it is not necessary for their synchronization when connected even in significantly reduced networks such as the slice preparation. In fact, several studies have found that GABA A signaling in the SCN may actually reduce the cycle-to-cycle precision of networked SCN neurons studied in vitro ( . Interestingly, gabazine also prevents the damping of circadian rhythms in PER2::LUC that normally occurs in VIP null SCN explants, thus suggesting that some signal other than VIP can couple SCN neurons, at least in the absence of GABA A receptor activation. Much remains to be learned about how SCN neurons are coupled and these data raise a number of interesting questions about the interactions between GABA and VIP. Is synaptically released VIP necessary to induce GABA release (see Section 5.4)? Are GABA and VIP co-released in SCN neurons firing at high frequency (see Section 3)? Are there rhythms in the activation of GABA and VIP receptors in the absence of photic input (see above)? If synaptic activity is necessary for the synchrony of SCN clock cells (Yamaguchi et al., 2003; Webb et al., 2009) , how is this achieved when GABA, which reduces synchrony, and VIP, which increases synchrony, are both present in the extracellular space?
Coupling subpopulations of clock cells
A series of classic studies by Pittendrigh and Daan published in 1976 served to define a model of how multiple circadian oscillators can interact to form a circadian pacemaker capable of entraining to the LD cycle , 1976c ; Daan and Pittendrigh, 1976a) . These studies led to the development of a model of two coupled oscillators that has considerable relevance for understanding how subpopulations of oscillators in the SCN may interact to form a circadian pacemaker. The evidence supporting the existence of two coupled oscillators comes primarily from the phenomenon of ''splitting". In hamsters housed in constant light for several weeks, the circadian rhythm of locomotor activity desynchronizes into two free-running components that subsequently develop a stable, coupled state where the two activity bouts occur about 12 h apart. Based on these and other data, Pittendrigh and Daan proposed that (1) the free-running period of one oscillator is a positive function of light intensity while the period of the other oscillator is a negative function of light intensity, (2) when mutually coupled the interaction between these component oscillators results in a compound pacemaker expressing a period different from each of its component oscillators, and (3) the relative influence of each component oscillator on the other depends on the phase relationship between the two oscillators. This qualitative model provides a functional and structural basis for understanding the behavior of the circadian timekeeping system in many different lighting environments. For example, as the photoperiod lengthens, the period of the compound pacemaker changes because of the opposite effects of increased light on the period of the component oscillators. Thus, when the compound pacemaker is entrained to a 24 h cycle, the phase relationship between the two oscillators is a function of photoperiod length. The Pittendrigh and Daan model provides relatively simple principles to understand how oscillating subpopulations of SCN neurons might interact (for a review see Evans and Gorman, 2016) .
Component oscillators in the left and right SCN
As can be seen in Fig. 10 , the left and right SCN can function independently as component oscillators. Interestingly, each of the two rhythmic bouts of activity seen in the split condition are associated with either the component oscillator in the left or the component oscillator in the right SCN (de la Iglesia et al., 2000; Ohta et al., 2005) . While there is evidence that glutamate is involved in communication between the left and right SCN (Michel et al., 2013) , it remains possible that GABA could also contribute. There are significant GABA containing projections that connect the bilateral SCN (Buijs et al., 1994) . Because GABA may communicate lighting information within the pacemaker (see Section 9.2.6), it is possible that exposure to constant light could modulate GABA signaling and thereby contribute to the splitting of the two oscillators.
Component oscillators in the ventral and dorsal SCN
The ventral core and dorsal shell can also function independently as component oscillators with each oscillator linked to one of the two rhythmic bouts of activity that occur during splitting (Yan et al., 2005; Butler et al., 2012) (Fig. 10) . Several studies have examined the role of GABA in the re-synchronization of the ventral and dorsal oscillators following manipulations of the LD cycle that alter their phase relationships. One approach measured rhythms in multiple unit activity in SCN slices obtained from rats that had been exposed to a 6 h phase delay of the LD cycle just before slice preparation. Rhythms in unit activity are rapidly reset in the ventral SCN but require several days to reset in the dorsal SCN (Albus et al., 2005) . Rhythms persist in both the ventral and dorsal SCN following their physical separation or administration of bicuculline, although these treatments prevent resetting of the rhythm in the dorsal SCN. Interestingly, administration of pulses of bicuculline suggests that GABA A receptors produce primarily inhibitory effects on firing rate in the ventral SCN and primarily excitatory effects in the dorsal SCN. These data led to a model of asymmetrical coupling of SCN oscillations in the dorsal and ventral SCN. More specifically, GABA released from interneurons projecting from the ventral SCN to the dorsal SCN produce robust GABA Ainduced excitation resulting in a strong coupling signal, while GABA released from interneurons projecting from the dorsal to the ventral SCN produce more modest GABA A -induced inhibition resulting in a weaker coupling signal.
In another study, the role of GABA A receptors in the coupling of the component oscillators in the ventral core and dorsal shell was examined by studying PER2::LUC mice entrained to photoperiods of various lengths prior to slice preparation (Evans et al., 2013) . As would be predicted by the Pittendrigh and Daan model, the phase relationships between the peaks of the PER2::LUC rhythms in the ventral core and dorsal shell become further apart as the photoperiod lengthens. When housed in extremely long photoperiods (e.g., LD 20:4) prior to slice preparation the peaks are 6-12 h out of phase. Within a week, however, the peaks of the PER2:: LUC rhythms in the ventral core and dorsal shell from these mice spontaneously re-synchronize. The role of GABA A activity in the re-synchronization of the ventral core and dorsal shell was studied by incubating the slice with bicuculline. Interestingly, GABA A activity promotes re-synchronization when the ventral core and dorsal shell are 6-12 h out of phase with each other, but inhibits their synchronization when they are in phase with each other under standard lighting conditions. VIP acts in concert with GABA A signaling to promote re-synchronization of the network when it is 6-12 h out of phase. In contrast, VIP promotes resynchronization of the network by counteracting the actions of GABA A signaling when the ventral core and dorsal shell oscillations are in phase. Thus, both VIP and GABA A activity can influence the coupling and/or the period of the component oscillators in the ventral core and dorsal shell of the SCN. Further, GABA A activity can promote or inhibit the re-synchronization of the core and shell depending on the phase relationship between the ventral core and dorsal shell. These data are consistent with the hypothesis that activation of GABA A receptors does not contribute to the synchronization of the ventral core and ventral shell under most common environmental lighting conditions, and in fact may reduce their synchronization. In contrast, however, when very long photoperiods push the phase relationship of the ventral core and dorsal shell far apart, GABA A receptor activation can contribute to their resynchronization. The neurochemical mechanisms mediating the effects of photoperiod length on the phase relationship between the ventral core and dorsal shell are not known. One possibility is suggested by the finding that photoperiod length during prior entrainment determines the ratio of excitatory and inhibitory responses to GABA in the SCN (Farajnia et al., 2014 ) (see Section 7.5). Perhaps the ratio of GABA-induced excitation:inhibition influences the period length of the component oscillators in the ventral core and dorsal shell and/or their phase relationship.
Another recent study has further examined the role of GABA in the coupling of circadian oscillations in the dorsal and ventral SCN and the possibility that the ratio of GABA-induced excitation:inhibition alters the period and/or coupling of the component oscillators . Using a Bmal1-luc reporter to monitor circadian oscillations in cultured SCN explants, the length of the photoperiod of prior entrainment was found to determine the phase relationship between the oscillations in the dorsal and ventral SCN. Longer photoperiods produce oscillations in the ventral and dorsal SCN that are more out of phase with each other. The circadian period of the compound pacemaker (i.e., the combined period of the dorsal and the ventral SCN) is also related to the phase relationships of the dorsal and ventral SCN; the period of the compound pacemaker becomes shorter as the dorsal and ventral SCN become more out of phase with each other. In support of the hypothesis that the ratio of GABA excitation:inhibition in the SCN plays a role in the coupling and/or period length of the dorsal and ventral regions, these investigators found that mice previously entrained to long photoperiods have a higher NKCC1/KCC2 ratio in the dorsal SCN (resulting in more GABA-induced excitation) than in the ventral SCN (see Section 6). Further, reducing the excitatory effects of GABA signaling increases the circadian period of the compound pacemaker in the SCN (i.e., dorsal and ventral SCN). Further support for the role of GABA A signaling in altering the period of the dorsal SCN and/or the coupling of the dorsal and ventral SCN is provided by the finding that gabazine disrupts the phase and period changes induced by long photoperiods. Taken together, these data suggest that GABA-induced excitation alters the phase relationship between the coupled dorsal and ventral SCN by shortening the period of the oscillator in the dorsal SCN. It is also possible that alterations in the degree of GABA-induced excitation could change the strength of coupling between the dorsal and ventral oscillators. Therefore GABA A receptor activation contributes to determining the phase relationship between the circadian oscillations in the dorsal and ventral SCN by pushing the phase of the two oscillations apart. These investigators further propose that VIP plays an opposite role to that of GABA in that it pulls the two oscillators more in phase with each other. Thus, the free-running period of the compound pacemaker in the SCN may be determined by the asymmetrically coupled component oscillators in the ventral and dorsal SCN.
Summary of coupling and rhythm generation
Construction of a circadian pacemaker from many SCN clock cells that generate different free-running periods requires that these clock cells be coupled together so that they produce coherent circadian output signals. It will be important to identify the relative roles of synaptic and non-synaptic communication in the coupling of clock cells, and in particular to determine if non-synaptically released GABA is involved in coupling. There is considerable evidence that neuropeptides, especially VIP, play an important role in the coupling of SCN clock cells. Exactly how these neuropeptides might mediate coupling is unclear, particularly in free-running conditions where their activity may be arrhythmic. Although GABA is capable of phase shifting the activity of dispersed SCN neurons in culture, it is does not appear to be necessary for their synchronization. The compound circadian pacemaker in the SCN is composed of component oscillators that are normally coupled together. The phenomenon of splitting has revealed that the right and left SCN as well as the ventral and dorsal SCN contain component oscillators. While at present there is little evidence that GABA couples the left and right SCN, there is evidence that GABA and VIP can influence the periods of the ventral and dorsal oscillators and/or their coupling. The relationships between the mechanisms that couple SCN clock cells and the mechanisms that couple the component oscillators in the SCN are not known. Understanding both forms of coupling will require a better understanding of the dynamic interactions between synaptically and non-synaptically released neurochemical signals in the SCN, including but probably not limited to GABA and VIP. 9. Role of GABA in entrainment of the circadian pacemaker Entrainment is the process whereby an endogenous circadian pacemaker is synchronized to an external rhythm (e.g., the LD cycle) so that the endogenous pacemaker adopts the period length of the external rhythm. Photic entrainment of the SCN requires a series of neurochemical events that transduce light into a signal that can ultimately phase shift the pacemaker. Both acute and sustained activation of GABA receptors in the SCN are involved in mediating the effects of photic stimuli on circadian phase. GABA also mediates most, if not all, phase shifts induced by non-photic stimuli, although other neurochemical signals likely participate, e.g., serotonin (for a review see Webb et al., 2014) .
9.1. GABA and the phase shifting effects of non-photic stimuli As discussed above (see Section 1.1), there is a class of stimuli, which have been described as ''non-photic", that produces a pattern of phase shifts that are distinctly different from the pattern produced by light (Fig. 1) . The first demonstration of this pattern of phase shifting that did not involve any manipulation of lighting conditions was seen following the direct injection of NPY-like neuropeptides into the SCN region (Albers et al., 1984a; Albers and Ferris, 1984; Huhman and Albers, 1994) . A similar, but more variable, pattern of phase shifts is seen across studies when NPY is administered in vitro (Golombek et al., 1996; Medanic and Gillette, 1993; Harrington and Schak, 2000) . A short pulse of darkness provided to animals housed in constant light is a ''photic" stimulus, but it produces a pattern of phase shifts very similar to those produced by NPY-like neuropeptides (Boulos and Rusak, 1982; Ellis et al., 1982) . Subsequent studies have shown that pulses of darkness produce phase shifts, not because they change the photic environment (i.e., interrupt light), but because they induce locomotor activity (Reebs et al., 1989; Van Reeth and Turek, 1989) . As such, dark pulses may represent a ''non-photic" phase shifting stimulus and not a ''photic" phase shifting stimulus in most cases (for a review see Rosenwasser and Dwyer, 2001 ). In fact, several non-photic stimuli capable of inducing phase shifts appear to do so by increasing locomotor activity and possibly general arousal. Examples of non-photic phase shifting stimuli include spontaneous running on a novel wheel, several hours of gentle handling, and saline injections Mrosovsky, 1995; Hastings et al., 1998) . In contrast to a number of other non-photic phase shifting stimuli, NPY injected into the SCN does not induce phase shifts by increasing arousal (Mrosovsky, 1995; Biello et al., 1994) .
A role for GABA-active drugs in non-photic phase shifts was first suggested by the finding that systemic injection of short acting BDZs (i.e., triazolam, midazolam, brotizolam) as well as the GABA A agonist muscimol produced phase shifts similar to those resulting from injection of NPY-like neuropeptides into the SCN (Turek and Losee-Olsen, 1986; Wee and Turek, 1989; Yokota et al., 2000; Ebihara et al., 1988; Vansteensel et al., 2003a) . Interestingly, the induction of phase shifts by triazolam also results from its ability to induce locomotor activity. Immobilization of hamsters after triazolam administration blocks the induction of phase shifts (Van Reeth and Turek, 1989) . In contrast, the long acting BDZ chlordiazepoxide injected systemically into hamsters induces NPY-like patterns of phase shifts without increasing locomotor activity (Biello and Mrosovsky, 1993; Meyer et al., 1993) . Thus, although BDZs can induce phase shifts by increasing locomotor activity, increased activity is not necessary for the phase shifts produced by all BDZs.
There is now considerable evidence that NPY release within the SCN mediates the phase shifting effects of a variety of non-photic stimuli (Mrosovsky, 1995 (Mrosovsky, , 1996 . Neurons in the IGL that project to the SCN as part of the GHT produce both GABA and NPY; however, there is no compelling evidence that GABA released from the GHT participates in mediating non-photic phase shifting. Lesions of the GHT inhibit the ability of systemically administered short acting and long acting BDZs to induce phase shifts (Johnson et al., 1988b; Meyer et al., 1993; Biello et al., 1991) . Not only does injection of NPY into the SCN mimic the phase shifting effects of non-photic stimuli, injection of antiserum to NPY nearly abolishes phase shifts induced by locomotor activity (Biello et al., 1994) . Thus, NPY release from the GHT appears to play a principal role in mediating non-photic phase shifts induced by BDZs. Although BDZ antagonists inhibit the phase shifting effects of BDZs, suggesting that the BDZ-GABA receptor complex mediates these effects, the location of these receptors is not known (Van Reeth et al., 1988) . BDZ binding studies have revealed moderate levels of binding within the SCN but only low levels of binding in the IGL, suggesting that, although the GHT is important for BDZ-induced phase shifts, the IGL may not be the anatomical site where BDZs act to induce phase shifts (Michels et al., 1990) . BDZs can inhibit the neuronal firing of SCN neurons and phase shift the single unit firing rhythm in vitro Strecker et al., 1999; McElroy et al., 2009 ). Therefore, BZDs may act in the SCN and possibly other sites to induce phase shifts of the circadian system.
In nocturnal animals, muscimol activation of GABA A receptors within the SCN during the subjective day produces large phase advances whether administered in vivo (Smith et al., 1989 (Smith et al., , 1990 Huhman et al., 1995 Huhman et al., , 1997 Mintz et al., 2002; Biello, 2009; Ehlen et al., 2006 Ehlen et al., , 2008 Gamble et al., 2003) or in vitro (Bergeron et al., 1999; Tominaga et al., 1994) . In contrast, administration of muscimol during the late subjective night consistently produces small phase delays in vivo, whereas muscimol administered in vitro does not. Interestingly, a light pulse or injection of NMDA blocks the ability of muscimol to induce phase advances during the middle of the subjective day (Gamble et al., 2003; Mintz et al., 2002) . The ability of NMDA to block muscimol-induced phase advances is also blocked by TTX, suggesting that synaptic activity is required for the communication of photic information within the SCN during the day. Perhaps light is communicated to the pacemaker during the day via NMDA receptors located on interneurons or presynaptic terminals. Interestingly, injection of [4,5,6,7-tetrahy dro-isoxazolo[5,4-c] pyridine-3-ol] (THIP), a drug thought to be a GABA A -TONIC receptor agonist, into the SCN in vivo does not induce phase advances during the subjective day (Ehlen and Paul, 2009 ). In contrast, diazepam, which enhances GABA A -PHASIC receptor conductance, induces phase advances when given during the subjective day in vitro (McElroy et al., 2009) . Further, as discussed in Section 4.1, GABA A -PHASIC receptors appear to be more abundant in the SCN during the subjective day than GABA A -TONIC receptors. Taken together, these data suggest that the phase shifting effects of muscimol in the SCN during the subjective day is mediated primarily by GABA A -PHASIC receptors.
The similarity in the pattern of phase shifts produced by activation of GABA A receptors and NPY receptors suggests that common mechanisms might mediate their effects. In support of this hypothesis, the GABA A antagonist bicuculline blocks the ability of NPY to induce phase advances in locomotor rhythms followings injection into the SCN (Huhman et al., 1995) . NPY-induced phase advances in multiple unit activity measured in vitro are also blocked by bicuculline (Gribkoff et al., 1998) , although NPY-induced phase advances in extracellular single unit recordings are not (Biello et al., 1997) . Bicuculline also inhibits the phase advancing effects of another non-photic phase shifting stimulus, systemic injection of the 5-HT1a/7 receptor agonist 7-(Dipropylamino)-5,6,7,8-tetra hydronaphthalen-1-ol (8-OH-DPAT) . The possibility that the phase shifting effects of NPY are mediated by the release of GABA is supported by in vivo studies showing that Na + -dependent action potentials within the SCN are required for NPY-induced, but not muscimol-induced phase advances . In in vitro studies, however, neither muscimol-nor NPY-induced phase advances of extracellular single unit recording rhythms require Na + -dependent action potentials (Bergeron et al., 1999; Biello et al., 1997) . Although not all the data are in agreement, the most parsimonious hypothesis is that GABA A receptor activation in the SCN mediates the induction of phase shifts by non-photic stimuli.
Considerably less is known about non-photic phase shifting in diurnally active species (Challet, 2007) . Of course, the middle of the subjective day represents the active phase in diurnal species and the rest phase in nocturnal species. Scheduled locomotor activity has modest effects in phase shifting the pacemaker, but does appear to produce phase delays during the middle of the subjective day (Glass et al., 2001; Hut et al., 1999; Kas and Edgar, 2001 ). Thus, the phase response to non-photic stimuli depends on the phase of the pacemaker and not the phase of the activity cycle. In the two diurnal species so far examined, GABA A -active drugs induce phase shifts in the middle of the subjective day as they do in nocturnal species. In the diurnally active squirrel monkey, systemically administered triazolam induces significant sedation, and yet it produces a pattern of phase shifts quite similar to that seen in hamsters (Mistlberger et al., 1991) . In contrast, however, injection of muscimol into the SCN of diurnally active Nile grass rats has the opposite effect, inducing phase delays Albers, 2004a, 2004b) . In both diurnal and nocturnal rodents, the phase shifting effects of muscimol are not blocked by TTX, suggesting that muscimol is acting directly on the pacemaker or on mechanisms that do not require conventional synaptic mechanisms Novak and Albers, 2004b) . Interestingly, while the phase advancing effects of muscimol can be inhibited by a light pulse in nocturnal animals (Mintz et al., 2002) , the phase delaying effects of muscimol in diurnal animals cannot (Novak and Albers, 2004a) . Thus, during the subjective day, activation of GABA A receptors produces the opposite response in a diurnal rodent compared to a nocturnal rodent.
Several studies have examined how GABA A receptor activation during the middle of the subjective day alters the expression of Per1 and Per2. In nocturnal hamsters, injection of muscimol into the SCN during the middle of the subjective day produces phase advances and consistently suppresses Per1 mRNA, and can under certain circumstances suppress Per2 mRNA as well (Ehlen et al., , 2008 induces phase advances during the subjective day and suppresses both Per1 and Per2 mRNA levels in the hamster SCN . In contrast, in the diurnal Nile grass rat, injection of muscimol into the SCN during the middle of the subjective day produces phase delays and suppresses Per2 mRNA but not Per1 mRNA (Fig. 11) . One possibility is that the suppression of Per1 contributes to the production of phase advances and the suppression of Per2 contributes to the production of phase delays during the subjective day. It is clear, however, that although suppression of Per1 is sufficient to induce phase advances (Hamada et al., 2004b) , there is not always a consistent relationship between Per expression and the ability of muscimol to induce phase shifts during the day. Light treatment inhibits muscimol induced phase shifts when given shortly after drug administration in the hamster SCN, but does not reduce muscimol's ability to suppress Per induction (Ehlen et al., 2008) . The role of GABA B receptors in the control of non-photic phase shifts has been examined both in vivo and in vitro. The results of these studies are inconsistent. Activation of GABA B receptors produces phase advances in some in vivo and in vitro studies (Smith et al., 1990; Bergeron et al., 1999; Prosser, 1998, 1999) , but not in others Liu and Reppert, 2000) .
9.1.1. Summary of the role of GABA in non-photic phase shifting
BDZs have potent phase advancing effects when systemically administered during the subjective day. The phase advancing effects of some BDZs appears to be mediated by an associated increase in locomotor activity, although other BDZs can induce phase shifts without altering locomotor activity. The brain site(s) where BDZs act to induce phase shifts is not clear but may include the SCN. The GHT appears to be necessary for the induction of phase shifts by BDZs, thus suggesting the importance of extra-SCN neurons. Nevertheless, BDZs administered in vitro can phase advance SCN single unit firing rhythms and inhibit spontaneous firing in SCN neurons. Activation of GABA A receptors in the SCN with muscimol during the middle of the subjective day produces large phase advances in nocturnal rodents and large phase delays in the only diurnal rodent so far studied. In nocturnal species, the induction of phase shifts by non-photic stimuli results from NPY released from the GHT and subsequent activation of GABA A receptors in the SCN. In nocturnal rodents synaptic activity appears to be unnecessary for muscimol to induce a phase shift; and interestingly, there is evidence to suggest that muscimol acts on synaptic GABA A -PHASIC receptors to induce phase shifts.
GABA and the phase shifting effects of light
Over the last decade it has become clear that the SCN response to photic stimuli can be separated into transient responses and sustained responses. Light initiates a series of transient responses, including NMDA receptor activation, that in turn induce a cascade of sustained responses that ultimately result in a phase shift of the circadian pacemaker. The most complete analysis of the sustained response comes from in vivo studies in hamsters given light pulses at times that produce phase advances (Hamada et al., 2001) and in in vitro studies using slices prepared from transgenic mice given light pulses at times that produce phase delays or advances (Kuhlman et al., 2003; LeSauter et al., 2011) . The initial transient responses induce neuronal activity in the ventral SCN that begins approximately 30-60 min after the light pulse and persists for at least 4-5 h as indicated by measures of neuronal firing and induction of Per gene expression. Application of other photic-like neurotransmitters (i.e., VIP or GRP) also produces a light-like persistent increase in neural activity (Gamble et al., 2007 (Gamble et al., , 2011 Kudo et al., 2013) . Following this initial sustained response, Per expression increases in the dorsal SCN beginning approximately 90 min after the light pulse; this upregulation of Per expression is necessary for long-term increases in excitability (Kuhlman et al., 2003; Gamble et al., 2007) . In the following sections we review the effects of the acute administration of GABA-active drugs, given just prior to the transient response, on light-induced phase shifts, as well as the role of GABA in mediating the ability of light to induce phase shifts during the sustained response to light. As discussed below, the effects of GABA-active drugs on entraining stimuli can differ dramatically depending on their route of administration.
Acute effects of GABA-active drugs given systemically
The first evidence that GABA-active drugs could influence the entrainment of circadian rhythmicity was the finding that systemic administration of BDZs could accelerate re-entrainment to phase shifts of the LD cycle (Davies et al., 1974; Childs and Redfern, 1981) . Subsequent studies revealed that systemic injections of GABA-active drugs during the subjective night modulate the phase shifting effects of light (Ralph and Menaker, 1985 , 1986 , 1989 Golombek and Ralph, 1994) . The GABA A antagonist bicuculline injected just prior to exposure to a brief light pulse blocks the ability of light to induce phase delays but not advances. Neither THIP nor diazepam reduces the phase delaying effects of light, although both drugs significantly reduce the ability of bicuculline to inhibit the phase delaying effects of light. Light-induced phase delays but not advances are also inhibited by the systemic injection of vigabatrin, a drug that increases GABA levels by inhibiting GABA transaminase. Interestingly, the BDZ diazepam injected systemically before a light pulse significantly inhibits light-induced phase advances but not delays. The ability of diazepam to inhibit light-induced phase advances is blocked or significantly inhibited by pretreatment with bicuculline, picrotoxin, or the competitive diazepam antagonist RO15-1788. Although systemic administration of bicuculline and diazepam potently inhibit light-induced phase delays and phase advances, respectively, it is surprising that neither drug inhibits light induction of Fos protein within the SCN (Colwell et al., 1993) . Activation of GABA B receptors by the systemic administration of the GABA B agonist baclofen just prior to exposure to a brief light pulse also significantly inhibits both the phase delaying and phase advancing effects of light, as well as induction of Fos and Per1 in the SCN (Ralph and Menaker, 1989; Colwell et al., 1993; Crosio et al., 2000) . These data demonstrate that the systemic administration of GABA-active drugs, delivered acutely just before light exposure, can modulate the ability of light to phase shift the circadian system and may provide new therapeutics for circadian phase disorders.
Acute effects of GABA A -active drugs within the SCN region
The acute administration of GABA A drugs into the SCN just prior to light stimulation dramatically modulates the resetting effects of light (Gillespie et al., 1996 Novak and Albers, 2004a) . Injection of muscimol into the SCN just before the presentation of a brief light pulse inhibits the ability of light to induce phase delays during early subjective night and phase advances the during late subjective night in both hamsters and diurnally active grass rats. Injection of THIP likewise inhibits this photic resetting in hamsters, suggesting the involvement of GABA A -TONIC receptors in mediating these effects (Ehlen and Paul, 2009) . Interestingly, GABA A -TONIC receptors appear to be more abundant in the SCN during the subjective night than GABA A -PHASIC receptors (see Section 4.1). Taken together, these data suggest that the inhibition of light-induced phase shifts by muscimol during the subjective night is mediated primarily by GABA A -TONIC receptors.
Also consistent with the light-modulating role of GABA A receptors, bicuculline enhances light-induced phase delays during early night (Gillespie et al., 1996 Lall and Biello, 2003b ). In contrast, bicuculline does not enhance phase advances after photic stimulation during the late night. Interestingly, injection of bicuculline into a region just above the supraoptic nucleus in the early night induces phase delays (Kallingal and Mintz, 2014) . The microinjection of GABA A agonists and antagonists into the hamster SCN also modulates the ability of light to induce Fos in a manner similar to their modulatory effects on light's ability to induce phase shifts . Muscimol and bicuculline also modulate the phase delays produced by the injection of a cocktail containing VIP, PHI, and GRP. Surprisingly, despite the potent inhibitory effects of GABA A receptor activation on light-induced phase shifts, SCN field potentials evoked by optic nerve stimulation are potentiated by muscimol and inhibited by bicuculline (Gannon et al., 1995) . In summary, activation of GABA A receptors, likely GABA A -TONIC receptors, just prior to light exposure profoundly inhibits the phase shifting effects of light.
How activation of GABA A receptors inhibits the phase shifting effects of light is not known. GABA A receptors could act presynaptically to inhibit glutamate release from RHT terminals, and/or postsynaptically to inhibit the response to activation of glutamate receptors. Although presynaptic GABA A receptors have been identified in the SCN they appear to occur primarily on neurons that release GABA, and there is no evidence of presynaptic GABA A receptors on RHT terminals (Belenky et al., 2003) . Muscimol significantly inhibits the phase shifting effects of NMDA injected into the SCN, providing evidence that GABA A activation can inhibit the phase shifting effects of light by a postsynaptic action (Mintz et al., 2002) .
Induction of Per1 and Per2 gene expression within the SCN appears to be required for light-induced phase shifts (Shigeyoshi et al., 1997; Albrecht et al., 1997 Albrecht et al., , 2001 Shearman et al., 1997; Horikawa et al., 2000) . Therefore, GABA may inhibit lightinduced phase shifts by reducing the expression of Per1 and Per2. In hamsters, muscimol injected into the SCN region just prior to a light pulse in the early subjective night significantly reduces Per1 but not Per2 mRNA levels in the SCN; and muscimol injected into the SCN region just prior to a light pulse in the late subjective night significantly reduces Per2 and Per1 mRNA levels (Ehlen et al., 2008) (Fig. 12) . Interestingly, muscimol injected into the SCN region in diurnal grass rats just prior to a light pulse during the early subjective night significantly reduces Per2 but not Per1 mRNA levels in SCN . Thus, although muscimol significantly reduces light-induced phase delays in both nocturnal hamsters and diurnal grass rats, the effect of muscimol on lightinduced changes in Per1 and Per2 mRNA is species specific. In hamsters, the GABA A -TONIC receptor agonist THIP significantly inhibits Per1 and Per2 mRNA when injected before a light pulse given in the early subjective night and Per1 mRNA when injected before a light pulse given in the late subjective night (Ehlen and Paul, 2009) .
Activation of GABA receptors is not the only way that lightinduced phase shifts can be inhibited in the SCN. Injection of NPY into the SCN significantly inhibits light-induced phase shifts (Weber and Rea, 1997; Biello, 2002, 2003a; Gamble et al., 2005) . Interestingly, however, inhibition of GABA A receptor activity does not inhibit the ability of NPY to reduce the phase delaying effects of light (Lall and Biello, 2003b) . Thus, the phase advancing effects of NPY during the day are mediated by GABA A receptors, but the inhibitory effects of NPY on light-induced phase advances at night are independent of GABA A activity.
Acute effects of GABA B -active drugs within the SCN region
The acute activation of GABA B receptors within the SCN can completely block the phase shifting effects of light. Microinjection of the GABA B agonist baclofen into the SCN of hamsters or diurnal grass rats , just prior to a light pulse in the early subjective night, inhibits lightinduced phase delays. Conversely, microinjection of the GABA B antagonist CGP-35348 into the SCN region of hamsters before a light pulse in the early subjective night enhances light-induced phase delays . Although microinjection of baclofen into the SCN region of hamsters reduces the phase advancing effects of light in the late subjective night, microinjection of CGP-35348 does not increase the phase shifting effects of light at this same time. GABA B agonists and antagonists also modulate the ability of light to induce Fos in a manner similar to their modulatory effects on light-induced phase shifts . Interestingly, unlike GABA A receptors, activation or antagonism of GABA B receptors does not alter the phase delaying effects of a cocktail containing VIP, PHI, and GRP administered in the SCN.
Activation of GABA B receptors also has potent inhibitory effects on SCN field potentials and excitatory post-synaptic potentials evoked by optic nerve stimulation during the day and the night (Jiang et al., 1995; Moldavan et al., 2006; Moldavan and Allen, 2013; Gannon et al., 1995; Shibata et al., 1986) . Baclofen activates GABA B receptors on presynaptic terminals and reduces glutamate release from RHT terminals by inhibiting voltage-dependent Ca 2+ channels. Baclofen also has potent effects on excitatory postsynaptic currents (EPSCs) evoked by optic nerve stimulation, reducing them by around 85%. The GABA B antagonist CGP55845 reduces EPSCs evoked by optic nerve stimulation by 55% during the day and 33% during the night (Moldavan and Allen, 2013) . The sources of the extracellular GABA providing this tonic inhibition are not known, but they are not of a sufficient magnitude to maximally activate GABA B receptors and thereby completely block light induced phase shifts. Rather, this tonic inhibition would appear to be of the magnitude to reduce but not eliminate lightinduced phase shifts. As discussed earlier (see Sections 5.2 and 5.5), it seems likely that the level of tonic inhibition produced by GABA is regulated by GABA uptake mechanisms that modulate the levels of extracellular GABA in the vicinity of RHT terminals (Moldavan and Allen, 2013) . Taken together, the existing data provide strong support for the hypothesis that activation of GABA B receptors inhibits light-induced phase shifts by reducing glutamate release from the RHT.
A functional role for postsynaptic GABA B receptors found within the SCN cannot be ruled out. Baclofen not only significantly inhibits the phase delaying effects of NMDA, but it does so in the presence of TTX, suggesting that GABA B receptors that inhibit the phase shifting effects of NMDA are on the same cells that contain the NMDA receptors responsible for phase shifting the circadian pacemaker (Mintz et al., 2002) . Alternatively, it is possible that baclofen is not acting on the same cells as NMDA, but inhibits the phase shifting effects of NMDA by activating GABA B receptors on other cells, possibly clock mechanisms, that communicate through signaling pathways not dependent on action potentials. As noted earlier (see Section 4.2) GABA B receptors are found throughout the dorsal SCN.
GABA B receptors also modulate 5-HT release within the SCN. GABA administered to hypothalamic explants stimulates 5-HT release, and the effects of GABA on 5-HT release are neither blocked by GABA A receptor antagonists nor mimicked by muscimol (Francois-Bellan et al., 1987 . In contrast, baclofen can mimic the effects of GABA on 5-HT release whether given in vitro or administered systemically. Interestingly, the ability of GABA B receptor activation to increase 5-HT in the SCN occurs in males and ovariectomized females but not in ovariectomized females treated with estradiol (Francois-Bellan et al., 1989a , 1989b .
Comparison of the acute effects of GABA-active drugs given systemically with those given within the SCN region
The effects of drugs acting on GABA A receptors, but not GABA B receptors, can be dramatically different depending on the route of administration (Table 6 ). Indeed, administration of bicuculline has the opposite effects on the expression of light-induced phase delays depending on its route of administration; reducing phase delays when given systemically and increasing phase delays when given into the SCN region. One site where systemically administered bicuculline might act is the eye. Intraocular injections of bicuculline significantly reduce light-induced phase delays but not light-induced phase advances (Della and Ralph, 1999) . The effects of GABA A active drugs on light induced Fos expression also differ dramatically depending on the route of administration. Systemic administration of bicuculline inexplicably does not reduce light-induced Fos in the SCN while injection of bicuculline into the SCN region does. These data suggest that modulation of GABA A receptors outside of the SCN as well as inside the SCN can significantly impact mechanisms that alter entrainment. GABA A -active drugs could affect entrainment by acting on elements of the circadian system such as the retina, raphe, IGL, or many other sites (see Gillespie et al., 1997 Gillespie et al., , 1999 for a discussion). In contrast, the similar effects of GABA B -active drugs on phase shifting, whether injected systemically or within the SCN, are consistent with the hypothesis that the SCN is the primary site where GABA B drugs act.
Summary of the effects of the acute effects of GABA-active drugs
Acutely administered GABA-active drugs given in the SCN just prior to the transient response to light can have powerful effects on the response to light. The acute activation of GABA A or GABA B receptors in the SCN blocks the ability of light pulses to phase shift the circadian pacemaker in both nocturnal and diurnal rodents. There appears to be a tonic GABA inhibition of light-induced phase delays during early subjective night that can be mediated by either GABA A or GABA B receptors. This tonic GABA inhibition is not present during late subjective night. Several lines of evidence are consistent with the hypothesis that activation of GABA B receptors inhibits light-induced phase shifts by inhibiting presynaptic release of glutamate from RHT terminals. Nevertheless, the large number of GABA B receptors found outside of the retinorecipient zone, combined with the finding that GABA B agonists inhibit the phase delaying effects of NMDA even in the presence of TTX, suggests that GABA B receptors have important postsynaptic functions as well. It seems likely that activation of GABA A receptors on postsynaptic membranes is responsible for the inhibition of the phase shifting effects of light. Inhibition of Na + -dependent action potentials inhibits the phase shifting effects of light but not the phase shifting effects of NMDA receptor activation . Therefore, it seems likely that GABA A and glutamate receptors are found on the same cells or on cells that communicate nonsynaptically, and that glutamate receptors are found on pacemaker mechanisms or cells that non-synaptically communicate with the pacemaker. Activation of GABA A receptors reduces light-induced Per in both nocturnal and diurnal species. GABA A -PHASIC receptors may mediate the induction of phase advances by GABA during the day and GABA A -TONIC receptors may mediate the ability of GABA to inhibit of light-induced phase shifts at night.
Sustained effects of GABA within the SCN
In contrast to the inhibition of light-induced phase shifts by acute activation of GABA A receptors, the sustained activation of GABA A receptors appears to actually mediate the phase delaying effects of light. As discussed above, a light pulse triggers a sustained increase in neuronal firing in the SCN that lasts more than Table 6 Effects of GABA-active drugs on light-induced phase shifts following acute administration systemically or into the suprachiasmatic nucleus (SCN).
Drug
Systemic SCN region 4 h. Because GABA is contained in nearly all SCN neurons it seems likely that a light pulse would induce a sustained synaptic release of GABA. Synaptic release of GABA could therefore activate synaptic GABA A -PHASIC receptors and possibly extrasynaptic GABA A -TONIC receptors via synaptic spillover. We have proposed that sustained activation of GABA A receptors in the SCN mediates the ability of light to phase delay the circadian pacemaker. We tested this hypothesis by determining whether the sustained administration of GABA A agonists and antagonists can mimic and inhibit the phase delaying effects of light, respectively (Hummer et al., 2015) . The sustained administration of muscimol into the SCN over four consecutive hours beginning in the early subjective night induces large phase delays, but no phase delays are observed when muscimol is administered over 1, 2 or 3 h intervals (Fig. 13) . Additional studies found these effects to be dose-dependent and ruled out the possibility that the phase and not the duration of muscimol administration is critical for the induction of phase delays. Further support for the hypothesis comes from studies demonstrating that the sustained antagonism of GABA A receptors inhibits the ability of light to phase delay the circadian system. Sustained administration of bicuculline for at least 6 h beginning 1 or 4 h after the light pulse significantly reduces light-induced phase delays (Fig. 14) . In contrast, sustained administration of bicuculline for 6 h, beginning 10 h after the light pulse, does not inhibit light-induced phase delays. In addition, administration of bicuculline for 3, 4 or 6 h in different temporal patterns between CT 14.5 and CT 21.5 does not inhibit light-induced phase delays, indicating that there is no critical phase of GABA A activation that is necessary for the induction of phase delays. Interestingly, bicuculline administration for 6 h interrupted by a 2-h window between CT 14.5 and CT 21.5 is ineffective in blocking lightinduced phase delays, suggesting that the sustained activation of GABA A receptors does not have to occur continuously to induce a phase delay. These data support the hypothesis that sustained activation of GABA A receptors in the SCN is sufficient to induce phase delays and that sustained activation of GABA A receptors is necessary for light to phase delay the circadian pacemaker.
How the sustained activation of GABA A receptors mediates the phase delaying effects of light within the SCN is not known. We have proposed that light induces the sustained release of GABA for four or more hours from neurons in the ventral SCN and that this sustained release of GABA results in the sustained activation of GABA A receptors in the dorsal SCN, thereby producing a phase delay in the pacemaker (Fig. 15) . Support for this hypothesis comes from findings that neurons in the ventral SCN have dense, direct projections to neurons in the dorsal SCN (Leak et al., 1999; Romijn et al., 1997) and that GABA appears to be essential for communicating phase shifting information from the ventral to the dorsal SCN (Han et al., 2012) . Reduction of GABA neurotransmission as a result of the targeted deletion of the gene that encodes the voltage-gated sodium channel type 1 significantly reduces lightinduced phase delays, and chronic treatment of the SCN with GABA transmission-enhancing drugs restores the ability of light to induce phase delays (Han et al., 2012) . Importantly, this gene deletion does not inhibit light induction of Fos or Per in the ventral SCN, but does eliminate the induction of Fos and Per in the dorsal SCN.
Further support for the role of the sustained release of GABA within the SCN comes from some interesting data initially predicted by modeling studies . It has been proposed that sustained, tonic GABA release is a function of a neuron's membrane voltage. More specifically, SCN neurons that become hyperexcited and sufficiently depolarized will release tonic levels of GABA for approximately 5 h even in the absence of action potentials. Indeed, in vitro studies have found that subpopulations of SCN neurons can spontaneously achieve such a hyperexcited state during the subjective day (Belle et al., 2009 ). It has also been suggested that this hyperexcited state, resulting in a sustained release of GABA could be induced by neurotransmitters like glutamate . If so, perhaps glutamate release induced by light around CT 13.5 stimulates a hyperexcited state in the intact SCN and the resultant sustained GABA release and activation of GABA A receptors induces a phase delay in the pacemaker.
It is interesting to consider how GABA may influence circadian phase, given the different possibilities on how the ventral and dorsal SCN may interact. One proposition is that GABA A receptors located on intrinsically rhythmic SCN clock cells in the dorsal SCN are activated in response to a sustained release of GABA from non-rhythmic SCN cells in the ventral SCN that respond directly to light input (Fig. 15 ). Alternatively, it is possible rhythmic neurons in the ventral core respond directly or indirectly to light and that interactions between the component oscillators in the ventral core and dorsal shell are responsible for the light-induced phase delay. The possibility that sustained GABA A signaling could alter the period of the dorsal SCN and/or the coupling of the dorsal and ventral SCN is supported by both empirical and modeling studies Evans et al., 2013; Myung et al., 2015; Albus et al., 2005) . Although the GABA A receptors that mediate the sustained activation necessary for the phase delaying effects of light are not known, GABA A -TONIC receptors would seem to be a likely candidate because of their low levels of desensitization. While it has been hypothesized that tonic and not phasic GABA signaling shifts the pacemaker Myung et al., 2015) , further studies will be required to define the GABA A receptor(s) that mediate the phase delaying effects of light.
It will also be important to determine whether the ratio of GABA-induced excitation:inhibition in the SCN plays a role in the entrainment of the pacemaker, particularly in view of the finding that the duration of light per day alters this ratio. As noted earlier, it seems unlikely that there are specific ratios of GABA-induced excitation:inhibition that are necessary for light to induce phase shifts of the pacemaker because circadian rhythmicity can be easily entrained to LD cycles with very short or very long photoperiods. Therefore, it seems most likely that the polarity of the response to GABA within the SCN has a modulatory role on entrainment (see Section 7.5). One way this ratio could modulate entrainment is by altering GABA's effects on the coupling and/or period length of the component oscillators in the dorsal and ventral SCN.
How the sustained activation of GABA A receptors might cause changes in Per gene expression is not presently known, although alterations in Ca 2+ levels are a likely possibility (for a review see Antle et al., 2009) . Critical events mediating phase delays include the activation of ryanodine receptors that amplify Ca 2+ release from internal stores followed by Ca 2+ /calmodulin-dependent protein kinase (CaMK) II-dependent signaling, resulting in the induction of Per gene expression. How the sustained activation of GABA A receptors might influence these events is not known. It is clear that GABA A receptor activation can increase, decrease or have no effect on Ca 2+ in SCN neurons depending on circadian phase and their location within the nucleus (Irwin and Allen, 2009 ). In summary, the sustained activation of GABA A receptors within the SCN appears to be necessary and sufficient to mediate lightinduced phase delays of the circadian pacemaker. Whether similar mechanisms regulate light-induced phase advances is not known because phase delays and advances are mediated, at least in part, by different neurochemical pathways (Ding et al., 1998) .
GABA as an SCN output signal
How efferent signals of the SCN impart circadian rhythmicity to the large number of physiological systems controlled by the circadian timing system is not known. It is clear, however, that understanding the efferent system of the SCN requires consideration of Fig. 2 ) that begins 30-60 min after the light pulse resulting in the sustained release of GABA for 6 or more hours. The sustained GABA release from non-rhythmic neurons results in the sustained activation of GABA A receptors on rhythmic SCN neurons, producing a phase delay in the pacemaker (from Hummer et al., 2015) . the properties of its target tissues. Different models of the organization of the mammalian circadian timing system have been discussed for more than 40 years (Moore-Ede et al., 1976) . The possibilities range from a single master circadian pacemaker simply imposing rhythmicity on non-rhythmic tissues to a system composed of multiple, mutually coupled, autonomous oscillators (Fig. 16) . The SCN is not the only tissue in the body capable of circadian oscillations. Indeed, the ability of peripheral mammalian tissues to display circadian rhythmicity has been known since the classic studies of Bünning more than 50 years ago (Bünning, 1958) (Fig. 17) . There is also evidence that circadian rhythms can persist in the absence of the SCN (Fuller et al., 1981; Reppert et al., 1981; Stephan, 1983; Albers et al., 1984b; Moore-Ede et al., 1982; Honma et al., 1989; Stephan, 2002; Tataroglu et al., 2006) . More recently, however, with the discovery of clock genes in many tissues outside of the SCN, the recognition that the circadian timing system functions as a multi-oscillator system has reemerged (Yamazaki et al., 2000; Abe et al., 2002; Yoo et al., 2004; Guilding and Piggins, 2007; Dibner et al., 2010) . Indeed, the circadian timing system appears to be a multi-oscillator, hierarchical system containing central and peripheral oscillators. The organization of the system emphasizes the importance of studying the interactions among the many timing elements within the system, particularly the number, location, and interactions of oscillators outside of the SCN. It is clear, however, that the outputs of the SCN that contribute to internal synchronization and induction of circadian rhythmicity can be mediated by both neural and humoral signaling.
Neural outputs of the SCN
The efferent projections of the SCN have been studied extensively Stephan et al., 1981; Berk and Finkelstein, 1981; Swanson and Cowan, 1975; Bamshad et al., 1999) . Primary SCN effer- Fig. 14C , light results in glutamate release from the retinohypothalamic tract (RHT). In response, there is a sustained release of GABA from, as well as a sustained induction of Per in, non-rhythmic neurons (or possibly rhythmic SCN neurons, see Fig. 2 ). In response, there is a sustained activation of GABA A receptors and a sustained induction of Per in rhythmic neurons resulting in a phase delay of the circadian pacemaker. Middle Panel: Acute activation of GABA A receptors by injection of muscimol prior to a light pulse inhibits light induction of the sustained release of GABA from, as well as an inhibition of Per induction in, nonrhythmic neurons. Acute activation of GABA A receptors inhibits NMDA-induced phase delays suggesting that activation of GABA A receptors does not inhibit lightinduced phase delays solely by inhibiting light-induced glutamate release (Mintz et al., 2002) . Acute activation of GABA A receptors ultimately blocks light-induced phase delays by preventing Per induction in rhythmic neurons. Right Panel: Sustained inhibition of GABA A receptors by at least six hourly injections of bicuculline following a light pulse blocks light-induced phase delays by inhibiting Per induction in rhythmic neurons (from Hummer et al., 2015) .
ents include projections to pre-autonomic (i.e., paraventricular nucleus (PVN)), intermediate (i.e., dorsomedial hypothalamus (DMH), medial preoptic area (mPOA), and subparaventricular zone (SPZ)), as well as to neuroendocrine cells (i.e., PVN, PVN/DMH, and ventrolateral preoptic area (VLPO)) in the medial hypothalamus (Kalsbeek et al., 2006) . Classical GABAergic synaptic release from terminals of SCN efferents plays an important role in regulating at least some SCN outputs. Surprisingly few projections from the SCN have been reported to contain GABA; only 20-30% of efferent terminals received by major SCN targets in the medial hypothalamus are GABAergic (Buijs et al., 1994 ). Yet studies employing electrophysiology, pharmacological manipulations, and lesions suggest that direct, inhibitory GABAergic pathways from the SCN to downstream targets, especially those in the medial hypothalamus, play a conspicuous role in regulating a variety of circadian outputs.
The PVN plays a central role in regulating endocrine and autonomic functions, including the secretion of neurohypophysial hormones, sympathetic input to the liver and pineal gland, and parasympathetic input to the pancreas. Although direct input from the SCN is sparse Buijs et al., 1994) , electrophysiological data indicate a remarkably powerful monosynaptic projection from SCN to PVN. Electrical stimulation of the SCN, both in vivo (Hermes et al., 1996b; Hermes and Renaud, 1993) and in vitro (Hermes et al., 1996b) , produces rapid, monosynaptic glutamate receptor-mediated excitatory responses as well as GABA A receptor-mediated inhibitory responses in PVN neurons.
The SCN regulates the daily rhythm in plasma melatonin levels via both excitatory glutamatergic and inhibitory GABAergic projections to the PVN (Perreau-Lenz et al., 2004 , 2005 . SCN lesions eliminate the circadian rhythms in plasma melatonin and mRNA of its synthesizing enzyme, arylalkylamine N-acetyltransferase (AA-NAT) in the pineal gland, which is required for melatonin synthesis (Kalsbeek et al., 1996 Perreau-Lenz et al., 2003) . SCNlesioned animals exhibit elevated levels of melatonin and AA-NAT mRNA during the day compared to controls, but lower levels than controls at night. These data suggest that pre-sympathetic neurons in the PVN receive inhibitory input from the SCN during the day and excitatory input at night (Perreau-Lenz et al., 2003) . This possibility is supported by data showing that intra-PVN administration of bicuculline during the subjective day results in the daytime release of melatonin . Increased GABAergic inhibition from the SCN to PVN alone, however, is not adequate to explain the drop in melatonin levels during the day. It has been proposed that the daytime decline in melatonin results from increased inhibitory GABAergic signaling combined with decreased excitatory glutamatergic signaling from the SCN to PVN (Perreau-Lenz et al., 2004 , 2005 . This hypothesis is supported by the findings that: (1) intra-PVN administration of a GABA A antagonist during the transition from late night to early morning does not prevent the drop in plasma melatonin at dawn (Perreau-Lenz et al., 2005) , (2) shutting down synaptic activity in the SCN during the day with TTX does not cause a rise in plasma melatonin (Perreau-Lenz et al., 2004), and (3) blocking GABA A activity in the PVN during the day results in an immediate rise in melatonin to nighttime levels . Together, these data provide evidence that an excitatory pathway between the SCN and PVN exists and is active during the day (PerreauLenz et al., 2004) . A concomitant daytime increase in inhibitory GABAergic signaling and withdrawal of excitatory glutamatergic signaling from the SCN to PVN appears to result in decreased sympathetic input to the pineal and subsequent drop in plasma melatonin levels during the day (Perreau-Lenz et al., 2004 , 2005 . In contrast, the nighttime release of melatonin results from increased glutamatergic signaling combined with decreased GABAergic signaling from SCN to PVN. TTX-induced inhibition of the SCN during the middle of subjective night causes a drop in plasma melatonin (Perreau-Lenz et al., 2004) . Infusion of a NMDA receptor antagonist into the PVN during the subjective night produces the same result, indicating that glutamate release from SCN afferents in the PVN is required for the nighttime release of melatonin (Perreau-Lenz et al., 2004) . Together, these data indicate that the SCN regulates the circadian cycle in melatonin by sending timed glutamatergic and GABAergic signals to pre-sympathetic neurons in the PVN, which ultimately regulate the synthesis and release of melatonin by the pineal gland (Perreau-Lenz et al., 2005) .
The SCN is connected to the liver and modulates its activity through a multi-synaptic pathway that includes both branches of the autonomic nervous system (La Fleur et al., 2000; Kalsbeek et al., 2004) . The daily rhythm in hepatic glucose production results primarily from rhythmic GABAergic input from the SCN to pre-autonomic sympathetic neurons in the PVN (Kalsbeek et al., 2008) . Intra-PVN infusions of bicuculline increase plasma glucose concentrations when administered during mid-day, but not during mid-night (Kalsbeek et al., 2008) . The hyperglycemic response to GABA A receptor blockade in the PVN is not exhibited by animals lacking intact sympathetic innervation of the liver , or by those with lesions to the SCN (Kalsbeek et al., 2008) . Together these data indicate that the SCN sends a rhythmic GABA-mediated inhibitory signal to pre-autonomic sympathetic neurons in the PVN, which is heightened during the daytime (Kalsbeek et al., 2008) . The fact that glucose concentrations increase rapidly when GABA A receptor-mediated inhibition of the PVN is removed, and intra-PVN infusion of NMDA increases plasma glucose concentrations, whether administered during mid-day or mid-night (Kalsbeek et al., 2008) , suggests that pre-autonomic neurons in the PVN also receive tonic glutamatergic input. However, infusions of TTX into the SCN during mid-day mimic the hyperglycemic response to intra-PVN infusion of a GABA A receptor antagonist . These data are not consistent with a glutamatergic signal coming from the SCN. So while the SCN appears to be the source of rhythmic inhibitory input to preautonomic sympathetic neurons in the PVN, chronic excitatory, glutamatergic input must be derived from a source outside the SCN. Thus, the daily rhythm in hepatic glucose production is mediated by a continuously active, non-SCN glutamatergic signal, and rhythmic GABAergic signals from the SCN, which together regulate the activity of pre-sympathetic neurons in the PVN. The removal of inhibitory signaling from the SCN to PVN drives sympathetic input to the liver, resulting in the daily peak in plasma glucose concentrations at dusk . GABAergic efferents from the SCN also modulate the activity of pre-autonomic neurons in the PVN that control parasympathetic input to, and insulin release from, the pancreas. In order to assess the effects of PVN activity on the parasympathetic regulation of the pancreas, insulin responses to scheduled feeding during the middle of both the day and the night have been examined (Kalsbeek et al., 2008) . The administration of a GABA A agonist into the PVN attenuated feeding-induced increases in plasma insulin concentrations during the nighttime, but not during the daytime. Intra-PVN administration of NMDA receptor antagonists produced the same result. SCN lesions, however, enhance feeding-induced insulin responses during the daytime (Strubbe et al., 1987) , indicating that the SCN is the source of GABA-mediated inhibitory input, but not glutamate-mediated excitatory input to pre-autonomic parasympathetic neurons in the PVN (Kalsbeek et al., 2008) . In addition to regulating the activity of pre-autonomic sympathetic neurons in the PVN involved in hepatic glucose production, it appears that rhythmic GABAergic signaling from the SCN also regulates the activity of pre-autonomic parasympathetic neurons in the PVN that drive the release of insulin from the pancreas.
The SCN likely influences circadian rhythms in oxytocin (OT) and AVP release, in part, via direct projections to magnocellular neurosecretory neurons in the PVN and supraoptic nucleus of the hypothalamus (SON). Although SCN afferents in the magnocellular area of the PVN and the SON are limited Buijs et al., 1994) , data from electrophysiology experiments indicate a remarkably strong connection. Most OTand AVP-synthesizing cells in the magnocellular area of the PVN exhibit a GABA A receptor-mediated reduction in excitability following electrical stimulation of the SCN (Hermes et al., 1996a (Hermes et al., , 1996b Hermes and Renaud, 1993) . This direct inhibitory signal from the SCN to magnocellular neurons in the PVN is further modulated by presynaptic GABA B receptors on the terminals of SCN afferents (Cui et al., 2000) . Thus, activation of GABA efferents from SCN to PVN likely results in competing responses, simultaneously inhibiting the responsiveness of magnocellular neurons in the PVN via activation of postsynaptic GABA A receptors and reducing subsequent GABAergic inhibition of these neurons by activating presynaptic GABA B receptors (Cui et al., 2000) . Although the majority of magnocellular neurons in the SON also reduce their excitability in response to SCN stimulation, the cellular response is less uniform. In fact, while the vast majority of AVP-synthesizing cells in the SON reduced their excitability in response to electrical stimulation of the SCN, OT-synthesizing cells were more likely to show increased excitability (Cui et al., 1997) . In any case, excitatory responses to SCN stimulation are mediated by glutamate receptors, and inhibitory responses are mediated by GABA A receptors (Cui et al., 1997) .
The SCN communicates both directly and indirectly with the ventromedial preoptic area (VMPO) and VLPO of the hypothalamus, two ''sleep active" areas that play a central role in the neural sleep/wake mechanism (Mistlberger, 2005) . Direct projections from the SCN to VMPO and VLPO include glutamate-mediated excitatory signals and GABA-mediated inhibitory signals ; but direct projections are scarce . The SCN projects to the VMPO and VLPO indirectly as well, by way of the SPZ, DMH, lateral hypothalamus, and mPOA (Deurveilher et al., 2002) . The SPZ may serve as an especially important relay through which the SCN modulates the VMPO and VLPO (Novak and Nunez, 2000; Mistlberger, 2005) . The SPZ receives dense GABA A receptor-mediated inhibitory input from the SCN Buijs et al., 1994; Hermes et al., 2009) . The SPZ in turn, sends dense projections to the VLPO ( . The efferent projections of the SPZ overlap almost entirely with the efferent projections of the SCN (Watts, 1991) and may, in fact, be a site through which the SCN is able to indirectly communicate with a variety of hypothalamic areas that comprise sleep-wake circuits (Mistlberger, 2005) .
Humoral outputs of the SCN
In addition to classical synaptic activity, the SCN can communicate efferent information via humoral signals. The possibility of functional humoral outputs of the SCN was first suggested by the restoration of circadian rhythms by the transplant of fetal SCN tissue into SCN-lesioned rodents (Drucker-Colin et al., 1984; Sawaki et al., 1984) . Even small amounts of SCN tissue are capable of rescuing circadian locomotor rhythms (Silver et al., 1990; LeSauter et al., 1996) , but circadian input to several neuroendocrine systems is not restored by the SCN transplants (Lehman et al., 1987; MeyerBernstein et al., 1999) . A possible role for humoral signaling in SCN output was most convincingly demonstrated by the finding that SCN tissue placed in semipermeable capsules, thereby blocking neural outgrowth but allowing the extrusion of humoral signals, could restore circadian locomotor rhythms in SCN-lesioned hamsters . At present, the nature of the humoral signal that restores circadian rhythms in locomotor rhythms of SCNlesion rodents is not known. GABA would seem to be one possibility, given its low molecular weight. It is also possible that GABA could modulate the release of other humoral signals that might serve as an SCN output signal. For example, activation of GABA A but not GABA B receptors in SCN slices modulates AVP release in the SCN (Isobe and Nishino, 1997) .
Modulation of GABA neurotransmission
A variety of substances other than endogenous GABA can act on GABA receptors. Indeed, GABA-active drugs are used extensively for therapeutic purposes ranging from the treatment of psychiatric disease to sleep disorders. The extent to which these therapeutic actions occur at the level of the SCN is not known. It is clear, however, that disruptions of the circadian timing system have major health consequences (Zelinski et al., 2014; Baron and Reid, 2014) . Not only does modulation of GABA neurotransmission have the potential for significant therapeutic value (e.g., Buxton et al., 2000) , it also has the potential to produce deleterious effects on health by disrupting circadian functioning.
Steroids
Gonadal steroid hormones have long been recognized to modulate the period of circadian rhythms (Morin et al., 1977; Albers et al., 1981) and notable sex differences in the ability of ovarian hormones to alter circadian function have been identified (Zucker et al., 1980; Albers, 1981) . While these hormonal effects could be mediated by classical steroid hormone receptors in the SCN or other sites Clancy et al., 1994) , they could also influence circadian rhythmicity by altering neural activity following their metabolism to neurosteroids in the brain. Neurosteroids are neuroactive steroids synthesized within the brain or metabolized from peripheral hormones ( MacKenzie and Maguire, 2014) . The actions of neurosteroids are region-specific, as cells must either synthesize the neurosteroid or express the steroidogenic enzymes required for conversion from peripheral hormones that have crossed the blood-brain barrier ( MacKenzie and Maguire, 2014) . Circulating levels of neurosteroids in the brain are typically low, but increase dramatically with stress, pregnancy, and at specific stages of the ovarian cycle (MacKenzie and Maguire, 2013) . The GABA A receptor is a primary target for neurosteroids (Belelli and Lambert, 2005) . At low levels, neurosteroids facilitate GABA binding at GABA A receptors, while at high concentrations they are capable of activating GABA A receptors directly (Majewska et al., 1986) . GABA A -TONIC receptors are particularly sensitive to low, physiological concentrations of neurosteroids (Stell et al., 2003) . For example, low concentrations of the naturally occurring neurosteroid allotetrahydroxy-corticosterone (THDOC) enhances tonic GABAergic conductance mediated by GABA A -TONIC receptors, thereby suppressing the excitability of cell populations (Stell et al., 2003) . Further support for the role of GABA A -TONIC receptors in mediating the effects of neurosteroids is the failure of THDOC to enhance tonic GABA A conductance in mice lacking the GABA A receptor d subunit and decreased sensitivity to neurosteroids in these Gabrd À/À mice (Mihalek et al., 1999) .
Neurosteroids not only modulate GABAergic activity directly by modulating GABA A -receptor mediated activation, but also indirectly, by influencing the expression of GABA A receptor subunits (MacKenzie and Maguire, 2013) . Estrous cycle, puberty, and pregnancy-dependent changes in the expression of various GABA A receptor subunits are believed to serve as a compensatory mechanism that result in steady neuronal inhibition despite fluctuating levels of neurosteroids. Progesterone is synthesized and P450scc activity (one of the enzymes responsible for its synthesis) is detectable within the SCN of hamsters, suggesting that the SCN contains the substrates required for the formation of neurosteroids (Pinto and Golombek, 1999) . Although neither the endogenous activity of neurosteroids in the SCN nor their impact on GABAergic activity in the SCN has been investigated, there are data indicating that neurosteroid treatment alters neural activity in the SCN and circadian rhythmicity. THDOC reduces the neural response of the ventral SCN to optic chiasm stimulation in rats in vitro likely through the inhibition of glutamate release from the RHT resulting from the activation of GABA A -TONIC receptors (Trachsel et al., 1996) . Another neuroactive steroid that inhibits GABA A activity, dehydroepiandrosterone sulfate (DHEAS), can modulate circadian phase following its systemic administration in hamsters (Pinto and Golombek, 1999) . Injection of DHEAS during mid-subjective day produces phase advances similar to non-photic stimuli; whereas DHEAS administration during late subjective night inhibits lightinduced phase advances (Pinto and Golombek, 1999) . In contrast, systemic administration of androsterone during late subjective night actually produces light-like phase advances (Pinto and Golombek, 1999) . It is also clear, however, that steroids can alter neuronal excitability of SCN neurons through actions unrelated to GABA A receptors because estradiol can alter SCN neuronal activity in slices in the presence of picrotoxin (Fatehi and FatehiHassanabad, 2008) .
Although steroids can produce significant changes in circadian period and phase, whether these effects are mediated by the modulation of GABAergic receptors in the SCN is not clear. Further investigation of the effects of steroids in the SCN, particularly on GABA A -TONIC receptors, is important in light of the fact that rhythms in neurosteroid secretion could modulate pacemaker functioning.
Ethanol
Ethanol consumption and withdrawal are differentially regulated by the circadian timing system (for a review see Damaggio and Gorman, 2014) . Ethanol can modulate the phase shifting effects of photic and non-photic stimuli (for a review see Prosser and Glass, 2015) , although chronic consumption of ethanol in a light-dark cycle does not alter the phase of the circadian pacemaker in the SCN (Filiano et al., 2013) . In hamsters, systemic administration of ethanol attenuates light-induced phase advances without affecting phase delays (Seggio et al., 2007; Ruby et al., 2009a Ruby et al., , 2009b . In contrast, ethanol administered either systemically or directly into the SCN of mice via microdialysis attenuates light-induced phase delays without affecting photic phase advances (Brager et al., 2010 (Brager et al., , 2011 Seggio et al., 2009) . Systemically administered ethanol also modulates phase shifts induced by non-photic stimuli in hamsters. Acute administration of ethanol attenuates the ability of the 5-HT1a/7 agonist 8-OH-DPAT to induce phase advances during the subjective day (Ruby et al., 2009b) , although studies conducted in the hypothalamic slice have yielded different results. In contrast to systemic ethanol administration, ethanol applied in vitro to mouse SCN slices attenuates both phase delays and phase advances induced by glutamate, and ethanol enhances phase advances stimulated by administration of 8-OH-DPAT (Prosser et al., 2008; McElroy et al., 2009 ). Thus, while ethanol produces substantial effects on the ability of photic and non-photic stimuli to induce phase shifts, the effects differ considerably among species and between studies conducted in vivo and in vitro.
While there is substantial evidence that GABA A -TONIC receptors are sensitive to ethanol, and that tonic Cl À conductance through these channels is enhanced by ethanol (for a review see Wallner and Olsen, 2008) , there is only one study that has examined the roles of GABA A -PHASIC and GABA A -TONIC receptors in the SCN in mediating the effects of ethanol on phase resetting (McElroy et al., 2009) . In hypothalamic slices from mice, the GABA A -TONIC receptor antagonist RO15-4513 blocked ethanol's inhibition of glutamate-induced phase delays, whereas the GABA A -PHASIC-active BDZ diazepam had no effect. In addition, RO15-4513 blocked ethanol's enhancement of phase advances induced by the 5-HT1a/7 agonist 8-OH-DPAT. Taken together, these in vitro studies suggest that GABA A -TONIC receptors are involved in the effects of ethanol on both photic and non-photic phase resetting within the SCN.
Conclusions
Despite substantial progress in understanding the role of GABA in circadian timing, fundamental questions about GABA neurotransmission within the SCN remain unanswered. Although anatomical evidence indicates that GABA is frequently colocalized with multiple neuropeptides (e.g. VIP and GRP) we know very little about the functional consequences of their corelease. Only a few studies have examined the circadian effects of the interaction of multiple signals in the SCN Peters et al., 1994; Chan et al., 2016) . Similarly, GABA is likely released both synaptically and non-synaptically in the SCN. And yet we do not have a clear understanding of the relative contributions of these forms of signaling to the coupling of SCN clock cells into a circadian pacemaker and the entrainment of that pacemaker with the daynight cycle. While we know that intra-and extracellular levels of GABA are the result of a complex interaction of release, synthesis, and transport, we have only limited knowledge about the temporal patterning and distribution of extracellular GABA in the SCN. Existing evidence suggests, however, that there is a 24-h rhythm in extracellular levels of GABA that peaks in the late morning and early night. Several of the mechanisms regulating the levels of extracellular GABA (e.g., GAD mRNA) are influenced by lighting conditions and display a 24-h rhythm that damps out in constant lighting conditions. In contrast, other evidence suggests that rhythms in extracellular GABA may be truly circadian and persist in constant conditions (e.g., GABA-mediated currents).
GABA receptors are found throughout all regions of the SCN. A greater understanding of GABA neurotransmission awaits a better understanding of the complex nature of the many potential forms and actions of GABA A receptors. In this review we have focused on what we have termed GABA A -PHASIC and GABA A -TONIC receptors that are involved in synaptic and non-synaptic responses, respectively. The rhythmic pattern of GABA A subunits in the SCN suggests that GABA A -TONIC receptors are in greater abundance during the subjective night while GABA A -PHASIC receptors are in greater abundance during the subjective day. It is likely, however, that GABA A receptors containing different combinations of subunits resulting in different functional properties will be identified in the SCN. GABA B receptors in the SCN consistently inhibit neuronal firing and can significantly inhibit the phase shifting effects of light by presynaptic and possibly postsynaptic actions.
The most perplexing results that have come from the investigation of GABA in the SCN relate to the polarity of the cellular responses to GABA. Some studies have found that GABA consistently reduces neuronal firing, while other studies have found GABA to reduce firing in some neurons and to increase firing in others. Additional controversies include whether GABA has different effects at different phases of the circadian cycle and whether GABA has different effects in different subregions of the SCN. Unfortunately, no resolution to these different outcomes is evident. Nevertheless, the most parsimonious interpretation may be that GABA is primarily inhibitory throughout the SCN during the day, while at night GABA remains primarily inhibitory in the ventral core but can have substantial excitatory effects in the dorsal shell. This possibility is supported by recent anatomical evidence that the transporters underlying the excitatory effects of GABA are found in greater number in the dorsal SCN at night. Interestingly, recent data suggest that the percentage of excitatory responses to GABA depends on the photoperiod length of the entraining LD cycle. A larger proportion of excitatory responses are observed in SCN neurons obtained from animals that have been exposed to longer photoperiods.
One of the key functions of the pacemaker in the SCN is to generate circadian rhythms. Individual clock cells contain the molecular machinery to generate circadian rhythms but must be coupled together to form a functional pacemaker. VIP acting on VPAC2 receptors is important in the coupling of clock cells, although how VIP mediates coupling is unclear. While VIP activity is rhythmic in animals entrained to LD cycles, it appears to be nonrhythmic under free-running conditions. GABA has the potential to influence the coupling of individual clock cells because activation of GABA A receptors can phase shift the clocks, thereby providing a mechanism for their mutual synchronization. In contrast, clock cells do not become desynchronized when GABA activity is blocked for days, suggesting that GABA is not a critical coupling agent. Another major question is whether synaptic activity is necessary for the coupling of clock cells. Inhibition of synaptic activity within the SCN of intact animals for two weeks does not stop the pacemaker or dramatically change its circadian period. In addition, briefer periods of synaptic inhibition do not perturb the pacemaker in intact animals (e.g., produce phase shifts). On the other hand, inhibition of synaptic activity for 5-7 days desynchronizes cultured SCN clock cells. The very different effects of inhibiting synaptic transmission on coupling in the SCN in whole animals versus reduced preparations are difficult to reconcile. One possibility relates to the size of the circadian network being studied. If network interactions serve to stabilize noisy circadian oscillations, then circadian oscillations within larger networks should be more resistant to disruption. Perhaps the substantially larger network present in the intact circadian system (composed of SCN and possibly extra-SCN oscillators) provides more stability than can be achieved in reduced preparations such as SCN cultures or slices. As a result, inhibition of synaptic activity should reduce synchrony in smaller, less stable networks like SCN cultures, but have little effect on larger circadian networks of intact animals. If this view is correct, and synaptic activity has only a minor role in the coupling of clock cells in the intact circadian system, it will be important to identify the non-synaptic forms of communication that are involved.
GABA's most important role in the SCN is to modulate the phase of the circadian pacemaker. Activation of GABA receptors can both induce phase shifts and block phase shifts. The acute activation of GABA A receptors within the SCN during the middle of the day mediates the ability of non-photic stimuli to phase shift the pacemaker. Interestingly, however, systemic administration of BDZs that, like other non-photic stimuli, produce phase advances during the middle of the subjective day in nocturnal rodents, may act within as well as outside of the SCN to produce phase shifts. It is also noteworthy that during the day, activation of GABA A receptors in the SCN of diurnal rodents produces phase delays, not phase advances like it does in nocturnal rodents. During the night, acute activation of either GABA A or GABA B receptors in the SCN just prior to exposure to a phase delaying or phase advancing pulse of light profoundly inhibits the ability of the pacemaker to phase shift. In contrast, during the night the sustained activation of GABA A receptors in the SCN is both necessary and sufficient to induce phase delays in response to light. Several lines of evidence suggest that the effects of GABA on circadian phase are mediated primarily by GABA A -PHASIC receptors during the subjective day and GABA A -TONIC receptors during the subjective night. Taken together these data suggest that GABA plays a major role in determining the phase of the circadian pacemaker in all circumstances.
It has been proposed that the entrainment of the compound pacemaker in the SCN is the result of light's effects on component SCN oscillators that can function semi-independently from each other. Together these component oscillators form the entrainable, compound circadian pacemaker in the SCN. Because these component oscillators respond differently to light, their interactions are key to understanding the entrainment of the compound pacemaker. The left and right SCN, as well as the ventral and dorsal SCN, are component oscillators. While there is little evidence that GABA or VIP are involved in the coupling of the left and right SCN, there is evidence that GABA and VIP can influence the periods of the component oscillators in the ventral and dorsal SCN and/or the coupling between these oscillators. Indeed, several lines of evidence support the hypothesis that the sustained activation of GABA A receptors mediates the phase delaying effects of light on the pacemaker by acting on these component oscillators and/or their coupling. It also appears likely that the periods of the ventral and dorsal oscillators and/or their coupling are influenced by the ratio of excitation:inhibition evoked by GABA.
A great deal has been learned about the role of GABA neurotransmission in the regulation of circadian rhythmicity over the last 40 years. GABA plays a fundamental, yet at times a seemingly paradoxical, role in the single most important adaptive trait mediated by the circadian timing system: photic entrainment. GABA neurotransmission can block the ability of the pacemaker in the SCN to phase shift in response to light and can mediate the ability of the pacemaker to phase delay in response to light. We have, however, studied GABA function in a very limited number of species, primarily in nocturnally active rodents. It will be important to expand the number of species examined to fully understand the role of GABA in circadian timekeeping, because the circadian effects of GABA drugs can differ substantially even in different strains of the same species (Ebihara et al., 1988) . It is also important to recognize that the SCN is but one component in a hierarchical, multi-oscillator system where feedback from other components of the system likely play a critical role in its circadian timekeeping mechanisms. Indeed, the SCN receives neural projections from approximately 85 other brain structures and contains hormone receptors. It seems likely that GABA has many important circadian functions in elements of the system found outside of the SCN. Therefore, while studies of the isolated SCN have provided a large body of important data, understanding the neurobiology of circadian timekeeping will require a thorough analysis of the entire circadian system.
